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Since the firgt demonstration of the tube counter by
(1)
Geiger and Muller in July 1928, the unusuzl sengitivity of
such counters has found widespread applicetions in the de-

tection of high speed psrticles =nd energetic photons.

The extensive litcrature on Geliger counters is not only

indicative of their meinfold usss, but is also & measure

of the divergence of theoriss dzvised to oxplain their

mechenism and the numerous racipos prescribed for the pre-

paration of good counters. In the lest ten yeare,‘however,

a consistent and felative%y com§lete theory of counter tube
2 -8

operation has been developing toguther with a know-how for

their construction which now permits producticn of large
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numbers of relianble tuhes vith identierl chsrocteristics.

This paper is & review of current theories of the mech- °
anlsm of the Geiger counter dischrrge snd & survey of the
meny different ﬁypes of counters designed for specielized
applications.

| A Geiger counter is ¢ gos filled diode opersted in
the region of the unstoble corona dischefge. There ¢re two

~types of counters chrracterized by their filling g7 ses.

One uses simple monstomic or dirtomic geses such rs hydrogen,
eir, the rrre geses, or mixtures of thesc cnd is known ss -
the non-sslf-guenching type. The second cotegory includes
mixtures of simple goses ond smell pefccntsges of "ouenching"
admixtures, which rre usurlly polyctomic orgenic molecules.
Iﬁ'genersl, the firing chxracteristics of hoth types of
fillingse are.very‘much 2like, but the subsequent strges of
the dischorge :nd the dejonization processes rre distinctly
different. The emphcsis in this popsr will be devoted sl-
most sntirely to ¢ descriptibn of thz self ﬁuénchingntype of
tube which is now/used clmost universally in préferencé to the
simple gos type. The condition for st:rting ¢ dischrrge is
that ot lecst one low energy electron be produced within the
counter ges. This electron kindles on vvelenche discherge
which spresds ropidly throughout the length of the tubc ahd‘

lasts for = few microseconds. Within ¢ frnction of = milli-




second after the triggering évent, all ions and eclectrong
are cleared out of the inter-electrode space and the tube
is ready to respond agein to the passage of znother ilon-~
izing particle. A single electron is capable of trigger-
‘ing a discharge which can be easily detected with little
or no amplificetion., In this respect, the Gelger counter
comes close to fulfilling the requirements of a perfect
detector, |

The elec@rode system of a Geiger counter usuaily
consists of a fine wire and coaxial cylinder. Mogt tubes
are filled with a rare gas combined with a trace of a
polyatomic vapor such as alcohol, ether, amyl acetate, and
many others. At low voltages, the tube behaves as an
ionization chamber with an internal amplification fzctor
of unityl A relatively small potential difference pre-
vents recombination losses snd is sufficient to draw a
saturation current from the tube, supplied entirely by the
primary ionization. Raising the voltage brings on gas
multiplication by impact ionization of thé gas molecules
_in the manner of the familiar Tovmsend avalanche. The
multiplication factor incresses with increagde in voltage and
the current delivered by the tube is proportional to the

primary ionimation up to multiplications of 100 or 106.

Throughout this range, the discharges are single Townsend




avolenches, eééh avelsnche originating from = primary ion
?air and localized withiﬁ a fra@tion 6f & millimster aldng
the lengﬁh of the wire. At still higher voltages every
avalanche breeds new avelsnches, gorebding the diécharge
along the full lehgth of the tube, through the medium of
the very Shért wavelength ultraviolet réys generzted in
each Townswné avelenche., The discharge continues to burn
until = éritical space charge density of positive ions is
reached. The émplification factor then becomes independent

of the omount of primary ionization end ell dischsrge pulses

(OB

attein ecual omplitudes. This condition cheracterizes th
operation of the Geiger counter. Geiger counting threshold
is usually determined experimentally by observing with aﬁ
osciiloscopg coupled to the simple circuit of fig; El), the
lowest voltage ot which 211 pulses become squel in size.

As threshold is approached, stetistical fluctustions in the
breeding of new avelanches fro.s prececing avaienches mey
intérrupt the chain before the discharge has filled the
enﬁire length of the tube. The transition to Geiger counting
is ordinarily very sharply defined, as is illustrated in

Fig. (2) which shows the répid transition from incomplete
growth of the discharge chafacterized by non-uniform pulse
heights, to the threshéld where cach discharge hes spread

throughout the tube. The number of discharges is directly

related to the number of primary perticles striking the tube

-4 -
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and does not depend appreciably on the applied potential
over a range of a few hundred volts known as the "platesu".
At higher voltages, the condition of & self-sustained
corona is reached endethe discharge mainteins itself until
the potentiel is removed. OSufficiently high potentials
bring on the transition to a glow disbharge in which the
current rises very rapidiy ané the voltage across the elec-
trodes falls to a low stagle‘Value.' The complete voltage
characteristic of the cylindrical ionization tube is illﬂs—
trated in Fig. (3);-

Since the gradient of the electric field between &
fine wire and & cylinder is very high in the immediate
neighborhood of the wire,’electroﬁ‘ﬁultiplication‘in the
Geiger counter plateau range is confined to & narrow zone
only a few wire diameters in width. ZElectron collection
is sccomplished in a fraction of a microsecond, during
which the positive ions form a virtually stationary sheath
about the wire. The eventusl severing of the chain of
electron avalanches is attributeble to the electrostatic
shielding effect of this positive ion sheath. Subsecuently
the ion sheath must be neutralized without reigniting the -
discharge. This constitutes the major problem in obtaining

successful counter tube performance.




At first glance, the structure and mechanism of
the Geiger counter appesr to be‘deqeptively simple. The
completé Geiger counter mechanism is rather complex znd
involves: (1) the Tovmsend avalanche, (2) the spreeding of
the discharge, (3) the motion of the ion sheath and growth
of the pulse; (4) the deionization process, {5) all the
effects involved in suppression of spurious pulses. This

- last cotegory includes: ionization transfer from positive
ions of the rare gas to polyatomic vapor moleculeg, sup-

4 préssion of secondary emission at the cathode, quenching of
metastable states, and photo~decompositi§n of the polyatomic
gas.

-The performanéé of any particular Geiger counter is
described by its threshold voltage,’the length snd slope of
its plateau, its efficiency, pulse characterisfics,vmaximum
'couﬁting rate, temperature dependence, and useful life. No
single type of counter exhibits ell the idesl characteristics,
but some tubes meet the recuirements of specialized appli—

cations elmost to perfection.

-
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The Townsend Avalanche

The electric field strength between coaxial cylinders
is given by : '
’ E(r) = _ ¥ (1)
‘ r log b

a

where E(r) is the field at distence r from the axis, ¥
is the applied potential difference, and b and a are the
cathode and enode radii respectively. Consider a typical
counter, operating with an applied potential difference of
1000 volts. - The field'strength at the surface of the wire
is sbout 40,000 volts per cm., It falls inversely es the

distance from the wire and is less than a few hundred volts

per centimeter at distanceggrester than b/2 from the anode.

Immediately after the passoge of an ionizing perticle the
secondary electrons which it produced, are accelerated
radially toward the ﬁire.v Each electron gains'enérgy which
it loses thru inelastic collisions leading to excitation or
ionization of the gas. Every inelastic collision brings the
electron to rest, after which it starts to travel its next

free psth in the direction of the field. The excited

molecules may radiate their energy or be de-excited by sub-

sequent collisions. If, for example, the counter is filled

with hydrogen to a pressure of 100 mm Hg, ﬁhe electron mean

free path is about 10~3 centimeter and sufficient energy for
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impact ionization cannot be gsined in one mesn free path

until the electron reaches the high field region very close‘

to the wire. The potential fall per mean free pafh et the
cathode is as little as 0.2 volts, but rises to sbout 20 .
volts et the surface of the vire. This ehergy goined per
mean free path, first resches the idnization potential of the
hydrogen mdlecﬁle, 16 ev, at e_distence of four free paths,
which is siighﬁly less than oﬁe wire radius from the surfece
of the Wife. ‘Beyond the immediste neighhorhood of the wire,
the energy for ionization can be acouired only over several
mean free paths.

Increasing ﬁhe voltage aéross the counter toward the
threshold for Geiger counting expands the multiplication
zéne in the gas 0vér an increasing number of mesn free paths.
More énd more electrons sre added to the svalanche together
with photoﬁs radisted from excited stetes of highe: energy
which are capable of photoionizing the gas or photoelectrically
releasing electrqﬁs from the cethode. These photoelectrons

are in turn accelerated toward the wire where they contribute

' new avelanches. Geiger counting threshold is maerked by the

release of a sufficient number of photons per avalanche to
guarentee the generstion of a succeeding avalanche by photo-
electric effect in the gas or at the cathode.

The properties of the single Townsend svalanche can




" where { is the number of photoslectrons ejected

géneraliy 5e summarized as follows: at threshold the
multiplicetion factor in the avalenche is abouﬁ 105; each
avalanche»is guite discrete, and the lateral extension'along
the length of the wire srising from diffusion of th; electrons
in the avalanche is sbout 0.1 mm; the durstlion of the singIe
avalanche is lesg then 109 seconds messured from ihe beginning
of the mﬁltiplication process.

The threshold voltage for the éorona diacharge de-
pends for the most part on the nature of the gos as character-
ized by the first Tomsend coefficient,y , which is gefined
as the ionization produced by'an electron per volt of poten-
tizl difference. Th{S‘coefficient, & &ep@nds on the. snergy
gained by an electron per mean free path, which is s funciioh
of the ratio of fisld.st%ength, E, to pressure, p. The threshold
requirement that each‘éValanche réleése & sufficient number

of cuanta to photoclectrically trigger enother avalanche is

expressed in terms of a second cosfficient, ¥, as

nb”: 1 (=)

er ion

e

pair formed in the gas and n is the number of ion pairs per
Townsend avalanche. Experimentslly it is observed that g
for the simple gascs does not vary markedly with different.

cathode msterials, but that the nature of the gas, its
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pressure, and the electrode geometry, as reflected in o4,
are the quantities which are main1y responsible for estab-
lishing thekthreshold voltage.

Among the diatomic snd inert gases, equal values of
of are achieved at widely4different velues of E/p. The

rare geses, helium, neon, argon, krypton and xenon, pre-

‘duce higher threshold voltages'in the order of increasing

atomic number. Hydrogen recuires & higher starting %olt—

age than’afgon, and that of air or nitrogen is still higher.
Traces of ;mpurities have a pronounced effect on the starting
voltage of the corons, as will be shown in a_later section.
Most present day counter tubes include & small percentege of a
polyatomic "quénchiné" gas in addition to the rsre gas %hich
is usually the major constituent. Although the ionization
poteptial of this polyatémic”constituent is eslways lower then
that of the rare gzs, its pfésence almost irnvariably raises
the threshold Yoltage. This is 80, because a large bortioﬁ
of the electron energy is dissipated in exciting molecular
vibrations at esch impset, rather than ionizing. Polystomic
molecules’with absorption bands in the near infrared portion

of the spectrum cen gbsorb energies amounting to a fraction

of an electron volt, or less than the energy scquired by an

electron per mean free peth even in the neighborhood of the

- 10 -




cathodé; Inelastic collisions can therefore bring the electron
“to rest every time it encounters a polystomic molecule. In con- -
trast to th; simple gas fillings, an electron is ﬁuéh less
likeiy then to acquire ionization energy over several free psths.
As & result the /zlone of ionization contracts with addition

of the polyatomic gas and the nimimum field strength for a
coroﬁa discharge inCreases; Argon with alcohol admixture is
‘one of the most éommoniy’used Geigef counter fillings. Fig.
iA) jllustrates the effect of argon pressure,; percettage of
alcohol admixture, and the size of ﬂie éiect'rcsdes; on the
threshold voltage.

Spread of the Discherge and
Formation of ‘the Ion Sheath
Above the threshold of Geiger counting, thousands of

prnsend avalenches per centimeter of length of the tube

are ignited through the emission and absorption of ultraviolet
light, Neutrsl gas molecules are excited by electron impacté'
in the a¥alanche process erid in returning to the ground sﬁate,
emit ultraviolet cusnta with energies below the ionization
potentisl of the gas. If the counter tube is filled with
§imple gases, the ultraviolet photons generste new avalenches .
by releasing photoelectrons at thekcethode, The rate of

spread of the diséharge is then dependent only on tﬁe life-
time of excited atoms or molecules znd on the photon transit
time.

- 11-




-~ If a polyatomic vapor admixture such as alcohol is
inciﬁded witﬁ ﬁhe simple ges, the photon mechanism is very
mﬁch alteted. In & mixture of argon and alcohol the highegt
éicited states of argon at about 11.6 ev exceed the cnergy
required to ionize an slcohol molectile, 11.3 ev. Energetically,
it is the;efore possible for the ultraviolet photon radiéted
by an argoh atom to ionize a molecile of alecohol, znc thereby
release sn electron which may trigwer s new svalanché. The
efficiency of such absorption processes is so great that the
number of quantanrriving at the cathode is insufficient to
provide ahy sigrnificant number of photoslectrons. . In addition
to the absorption of ultraviolst quanta by the polystomic gas;
there.is eﬁidenCe_fOf absorption proeesSes.in the rare gas
itself, althoﬁgh theif mechanism at preseht is not well undet-
stood,_

Meny investigations have been attempted with the
’object'of identifying the nature of the ultraviolet radia-
tion and its modes of production snd absorption within the
gas mixtures used.in counters. Among the earliest of these
experimenis was that of Greineﬁ?)who studied counters filled
with oxygen, hydrogen, or air. The experiment consisted of
mounting two counters inside the same envelope with théir cy-

linders open to each other énd their ancdes sepsrated by about -




one centimeter. From measuremeﬁts of the number of counts
which sprezd from one counter to the othef at different pressures,
Greiner computed ebsorption coefficients for the different
geses. To prove thet the spreading wes sccomplished by the
passage of ultraviolet radistion across the
gap between the counters, he inserted ligﬁt filters between
the tubes. Only the thinnest nitrocellulose films, sbhout twenty
thousandths of a micron in thicknéss, which were transparent to
ultraviolet radiation below lOOO A, permitted the dischprge to
spread from one tube to the othef.

Greiner's experiment wes performed with simple gsses,
in which the ultraviolet radistion regenerzted Townsend

avalanches by a csthode photoelectric effect. .In another
- ' (10)
version of this type of experiment, Ramsecy showed that two

~ #

counters would trigger esch other in coincidence when filled
.With monatomic or diafomiq gaées, but that the introduction

of & small amount of polystomic admixture, caused the counters
to fire at rondom with respesct to emch other. Furthermore, by
plotting coincidence rate versus resolving time of the co-

incidence circuit, it was found thet the photoemission was

9. E. Greiner, Z. Phys. 81, 543(1933).

10. W. E. Ramsey, Phys. Rev. 58, 476(1940)

- 13 -




confined to a beriod of épproximately oneé microsecond, even
| though the pulse on the counter wire required from one to twenty
-microseconds to attain one half its peak amplitude.

The mean free path of the ulftraviolet radiation re-
sponsible for spreading the discharge in cognters with poly-
atomic constituents, has been eveluated by a number of ex-~
perimenters. Steveiégbtained en interesting picture of the
process by using divided cathodeg and beaded anédes. In the
latterltype of counter, glass beadc were sesled on to the wire
at equal intervals zlong its length. From obssrveiions of pulse

- size it was established thet the discharge jumped the obstacle
of the glass head only if the beads had less than a minimuuw
diemeter, or whet is equivslent, if the retio of field strength
to pressure, E/p, exceeded 2 criticsl velue. Furthéilitudies
showed that besides the obstructing effect of the—glass bead
for ultraviolet light, the field intensity was reduced gbout the
glass bead. The photons were all absorbed in the immediate‘
‘neighborhood of the bead vhere the field was too low to dévelop
a complete a&alanche.

Attempts to clarify the details of the emission and ab-

(12)
sorption processes have not been entirely successful. Alder

11. M. H. Wilkening and W. R. Kanne, Phys. Rev. 62, 534(1942)
12. F, Alder, E. Bzldinger, P. Huber, and F. Metzger,

Helv. Phys. Acta 20, 73(1947)

- 14 -
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and his coworkérs recently performed a varistion of the Greiner
type of split counter experiment to determine the absorption C?_
efficient of zn alcohol vapor admixture for the ultraviolet-
photons éﬁitted in the discharge. The two counteré were mounted
in a cdmmon envelope at a fixed ceparation of 11 centimeters.
At first, the counters were filled with aAmixture of simpie
gases, argon plus air, which gsve setisfzctory counting character—
istics. With this filling, every count in one tube tfiggered
the companion tube coincidentally. Contamineting the simple
gas mixture with only a few tenths of 2 millimeter Hg of alcohol
sufficed. to reduce the number of spreading discharges to a
vanishingly small figure. The absorption coefficient conguted
from this experiment was 640 em3 (at ztmosnheric pressure).
Wiih an admixturévOf 15 mm Hg of alcohol, the number of photons
fell to 1/e of its initial velue in 0.8 mm. Iﬁ obtaining this
result it was asssumed that introducing alecohol in these low
concentretions did not affect the number of photons per dis-
charge nearly so much as it did the absorption of photoné.

Still another experiment of this type reported by
Liebsc&%iﬁttempted to avoid the possibility of confusing a
decreaSe in photoﬁ emigsion with an increase in abscorption

coefficient. All conditions of the dischsrge were held

13. S. H. Liebson, Phys. Rev. 72, 602(1947)
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constant and only the gas path which the photons were re-
guired to traverse was zltered, by an expanding hellows
connection between the counters. The megnitudes of the total
absorption coefficients for the rere gsses, with the alcohol
or methylene bromide admixtures which he used, were com-
parable to those computed by Alder snd his coworkers, but
Liebson found that constent coefficients per unit pressure
were obtained only if the absorption were stiributed entirely
to the rare gas.

The guelitative conclusion to he drewn from thése
experiments is that in gases conteining polystomic a&mi#tures,
“the abSofption of ultraviolet cuanta by photo-ionization of the
gas is very efféctive in confining the spreeding mechanism
to the immediate neighborhood of-the wire. The ultraviolet
radiation méy be composed of & nu@bef of wavelengths some of
which may reach the cathode snd contribute a photoslectric

‘ ‘ (14,15)
effect. Experiments with split cathode counters, filled with
the typical o?éreting mixtures showed & small but measureble
spreading of the dischargé by ultreviolet radiztion absorbed

in the gas st distances of many centimeters, which could not

14. J. D. Craggs end A. A. Jaffe, Phys. Rev. 72, 784(1947)
15. C. Balakrishnen, J. D. Crsggs and A. A. Jeffe, Phys. Rev.

T4y 410{1948)

- 16 -




’

be attributed to thelsame photons which propagate thebdis-
charge along the wire. These ;ess abundant photons were also
capable of ejecting an appreciable number of cathode nhoto-
electrons as parf of the mechsnism of spreading the discharge.
In any combination of gas miztures and cathode surfaces,bit nay be
expected that 21l of these processes of photon emission znd ab-
sorption in the gas and photoelectric emigsion at the cethode
play‘a role, but their relative importsnce may diffgr consider—
ably. There‘is a need for still wmore refined measurcments of
the production of photons énd the cross—sections of photon &b-
sorption betweeﬁ 6002 and 12004 before the Geiger-counter
mechanism cen be cuantitatively described.

If Alder's velue of sbout one millimeter for the mean
free path of the qusnta is accepted, it is immediately apperent
that the discharge igwa counter w;th polystomic admixture will
spread with a smaller velocity than in a simple gas counter;
The originsl avalanche Will radiate quenta in all directions
and breed new avalanches, whose number will fall expounentially
with distence from the parent avelanche. The first genefation'
. of avelanches will initizte succeeding generstions and the dis-
cgarge will spreed step~wise along the length of the wire, pro;'
ducing thousands of avalanches per centimeter. Since the
duration of s single step can hot be much less than 10‘8 iseconds,
the velocity of spread may be s slow as lOéito 107 centimeters

per second.,




The relation between fge velocity of spreed and the
overvoltage is almost lineai% )By lowering the noble gas
pressure without altering the cuenching gas pressure, the
spread velocity is incressed. »This behavior could be ex—
plained by a decresse in the duration of a single avalenche
becezuse of increesed electron mobility in the avalanche. The
velocity of propesgation furthermore depends on the nature of
the noble gaé, 2ll other factors being constent. For ex-
ample, the discherge spreesds shout three times as fast in
helium as in argon. Here agein the eyplanatiou méy be in
the higher électronwnobility in helium compsred to argon,
which would be éxpected‘to decretse the‘duratiOn of the
individual évalagche. |

Growth of ih@ Pulse

Because of the enormously groeter mobility of the
electrons compared t0 the positive ions (about_lOOO/lf, the
positive ions at the wire move only = few thoussndths of s cn.
before the completion of the electron avslanche. As the
discharge continues the positive ion space churge shesth builds
up until the field'strength nearvthe wire is lowered beyond
thet recuired to maintein gas maltiplication.

For smell overvolteges, the charge generszted per

unit length of counter depends slmost linesrly on the over—

16,_*3, M. Hill and J. V. Dunvorth, Neture 158, 833(1946)
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voltage, V—Vs,vwhich is the difference between opersting
voltage and threshold. At higher overvoltsges the slope of
the‘éurve of charge per pulse versyé overvoltage frlls to
about ﬁalf its initial value. At a given overvoltage the
charge per pulse is almost independent of fhe pressure and
depends .only on the goemetry. These characteristics are
illustrated by the curves of Fig. {5) for alcohol ergon
mixtures. The'Cabacity of a typigél counter (b = 1 cm.,

a = 0.01 cm) supports a charge of sbout 1.2 x 10-13 coulombs
per cm. of length per volt‘of potentizl difference. In most
counters 6f averzge size the charge per pulse lies between
10-11 and‘10'13 coulomb per cm. of length at threshold and
may be 100 fimes asrgreat at the end of'the plateau.

The voltage puise on the wire can be attributed en-
tirely to the motion of the positive ions; The electrons
are held on the wire by the imege force field of the positive
ions. Initiélly, with the gheath almost in contact with the
wire, nearly all the electrons are bound to the wire. As |
the sheath expands radially, the image charge decreases and
the electrons flow awey from the anode, giving rice to a
voltage pulse on the grid of the amplifier coupled to the
wire of the counter. The rete of relesse of clectrons at
the wire of the counter. The rate of release of slectrons at

the wire depends on the rate of drift of the ion sheath which

- 19 -




in turn vafies with the redius of the sheath. The radisl
velociity of the sheath is spproximstely proportional to the
field or inversely proportional to the radiszl distence from
the wire. At the start, the shepe of the pulse is affected
by the time required to propzgate the discharge throughout

the length of the tube. Since the discharge mey spread &t

tﬁe rate of shout 10 cms per microsecond in & self cuenched
counter, it mey require of the order of a'micfbsecond for

the entire ion sheath to meture in 2 long counterm during
which time the voltage pulsc can rise to & few tenths of

its peak value {without differentiztion). The rate of rise
increasés until the time et which the ion sheath is complated.
After the shesth is completed the rote of rise of the pulse
decreasés. It may sttain one half its peek vslue in onevor
two micrOSeconds end thersafter increese very slowly. With
infinite series resistance in the fundamental circuit (no

RC differentiation), the pulse would resch its final and
maximum velue in the time requiréd fof the positive ipﬁ sheath
to traverse the tube, ébout 10~4 to 10-3 seconds. Decreasing
the series resistance, ellors the apolied potentizl to be restored
on the wire in accordance with the time ponstant given by the
product of the wire system cazpacity and'the‘series resistancé.
‘The appearance of the differentiated pulse for different values

of the series resistesnce is shown in Fig. (6).




The Deed Time and Recovery Time.

As the positive ion sheéth mofes outward towards the
cathode the field néar the wire returns to normsl. The time
required for the‘pOSitive ions to reach the critical cistance’
from the wire corresponding to threschold field defines the
dead time of the counter. During this periéd the counter
is insensitive to the pessage of further ionizing particles.
The additional time reguired for thé ions to reaéh the cathode
is celled the "recover& time" and the sgize 5f any pulse occurring
within thié time is dgtermined by the time elapsed since the
initial discharge,\a pulse st the end of the recovery time
being of the same size as the initisl. pulse. |

Fig. (7a,b) is o triggered sweep pattern of the type
first used by Stevéi)tp illustrate,the desdtime and reéovery
time characteristics of & self-quenching tube. Following
the trigger pulse, the sweep‘shoﬁs no pulses until the dead-
time interval is passed, at which time small pulses begin to
appear. Thesé grow in amplitude with elapsed time from the
triggering of the sweep. The envelope of these pulses traces
the shape of the recovery ¢uyve of the electric field near the
anode wire, as shown in Fig. (7c). From studies of the re-
covery curvé it is possible to obtain considerable information
about ioﬁ mobilities in different gasés and at various field -

strengths. Meny interesting observations have already been made.

-~ 2] -




For example, it is poseible to identify the ions meking up

the sheath in mixtures of polystomic goses, such as, for example,

2lcohol end me thane, where the recovery time was found to be

characteristic of the drlft time of alcohol 1oné%7)In many gases

the observed mobllltles are identified with fregment ions

rather than the parent moleculéi?) The'drift time of the ions

iﬁ a hydrogen-alcohol mixture surprisingly enough was found to

- be longer than in oxygen-alcohol, indicating that the mobilities

of these ions in the high fields of counters mey be con51dcr—

ably different from those measured at small field strengiiZ?
The deadtime and recovery time in a ﬁube of erdinary

dimensione are roughly egual to.each otﬁer and of the order |

of a few hundred mocroseconds., The criticai distence to

which the ions must move before the field at the wire re-

covers to threshold is sbout half the counter radius. This

critical radius, r,, is related to the overvoltage V-Vg,

the cylindér radius, b, and the charge g, per unit. length of

the ion sheath by

=D ¢~ ¥=Vs

<q | (3)
The deadtlme therefore decreases with increasing overvoltege,
and is shorter in a tube of smaller dimensions and larger

ratio of anode to cathode dismeter. Desdtimes as short as §

17. S. C. Curren and E. R. Roe, R.S.I., 18, 871(1947)

18. P. B. Weisz, J. Phys. & Colloid Chem. 52, 578(1948)
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‘-microseconds have been obtained in tubes heving ca£h0de and
énode dizmeters of 0.25 inch and 0.15 inch réspectively.
The Role of the Quenching Admixture‘

| The treatment of the Geiger counter mechesnism up to
this point provides a picture of the growth of the discharge and
the»shape of the pulse. Upon the subsequent srrival of the
positive ion sheeth at the cathode, the electric field within
the couhter tﬁbe is fully restored, This introduces the possi-
Eility of rekindling the dischsrge by secondary electron emigsion.
Suppose, for example, that the éheath COnSiStS.Of argon ions
whose ionization potentisl is in excess‘of/twice the work function
of the cathode surface. An argén ion eczn first draw an electron
out of the cathode and become neutralized. The energy différence
between the ionized argon snd the work function sppesrs as re-
coﬁbination radiation with an energy in excess of the photoaléctrié
thr?shold energy. The recombination photon can then eject an‘
electron from the cathode and initiate a nev avalanché. 'In & non-
self guenching counter it is theréfbfe necessary to queﬁch the
discharge by the use of either a large series fesistance'or an
electr&nic ouenching circuit, which prevent recovery of fhe thres%
hold counting field until deionization of the gas\is complete.

Self quenching counters ére usually produced by admixing

a small amount of ?olyatomic orgenie vapor to the non—self-quenéhing

gas. Almost any molecule, inorgsnic as well as organic, containing
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three or mofe atoms Will contribute to the Quenching mechahism.
Self—quenched counters have been made with triatomic gases such

as sulphur aioxide‘and nitrous oxide. Among the diatomic molecules,
only the haiogens have been found to quench properly. The primary
requirement for quenching 1s fhaf no excited or ionized molecules
'céﬁable'of inducing secondary emission shell reacﬁ the cathode
surface: In.a typical mixture of ten parts of argon to one of
alcohol at a total présSure OfblC_st. Hgy an argon ion formed

in thevdischargé nust make abdut’idé bbllisions with gas holeCules
vin traversing the anodé‘tp cathbdé.disténce, Beczuse of this 1argé
“number of collisions, the charices are vefy favorable for the trans-
fer of ionization fromsafgon ions to molecules of alcoho§%9)Ener~
getically, all that is'required is that the icnizaﬁion pdtential
of the'quencﬁing gas be lower then that of srgon. This condition
is fulfilled by alcohol in argon and is sstisfied by slmost all
?olyatomic molecules in combination with helium, neon, or argon.
The ionization potentisl usﬁally,decfeases with increesing com-
plexity of the molecule. In the ‘experience of.this‘laboratory
aiOne, over thirty different ad@ixtu%es were investigsted which
producedvusable self-guenching counters. When krypton or xenon
are the vehicular gases, their ionization potentials are lower
than thbsé of many of the commonly used cuenching gases and it

becomes much more difficult to select admixtures which satisfy

the requirements of the trasnsfer process.
19. H. Kellmann end B. Rosen, Zeits. f. Phys. 61, 61{1930)
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In tréansfering ionization energy to the polyatomic

moiecule, the neutrslized argon ion emits recombination
radiation. This radistion may be bbsorbed by snother poly-
atomic mdlecule which then photodiésociates into two or more
neutral molecules or radicsls, with emission of £till longer
wavelength photons. The degrcdetion of the original photon
through meny processes of this type smounts to a “red shift!

of the photon spectrum beyond the photoelectric threshold of

the cathode. The positive iong of the polyétOﬁic molecules

and dissociation fragment ions migrate out to the cathode

where they ére neutralized by drawing electfons out of thé metal
surface., After neutralization, the molecule is left in an
excited sfate from which it mey radiste a photon or pre~
dissociate without radiating. Rediation is‘vefy unlikely to
occur because the 1ifetih@ against radietion is about 1078
second which is much gfeatér than thé time required for the
nuetralized atom to travel the remeining distence to the cathode.
The quenching process can be completed successfully then if:

(1) the excitation energy leff with the neutralized molecule

is less than the photoelectric threshold of the cathode, in
which case no secondary electrons cen be ejected; or (2)‘the ex~
citation energy is dissipated‘in predissociation before fho molecule
collides with the metsl well.

It is possible that the first process, which reguires the
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to
ionization energy, E;, of the quenching admixturgﬁbe less than

twiée the work function, @, of the metzl cathode, may be largely
responsiblg for the excellent cuenching pro@erties of the
halogens and perheps the halogenated hydrocarbons su;h as
methylene bromide. vIn experiments conducted here, tubes

filled with these admixtures wére equipped with quartz‘windows
but produced no photocathode response to the shortest U.V.
transmitted by Quartz,\about 1850 angstrbms or 6,5 ev. The
.cathodes used in these tubes were iron or copper, which in
vacuum photocells are known to have work functions of 4 to

5 ev. However, it is also well known that in the presence

of even the less active gaeses, the photcelectric threshold of
these metﬁls may be considerably shifted, so that it would

not be surprising if the halogens were capable of increasing

the threshOld energies well beyond the limit of 6.5 ev. observed
in the quartz window tubes. Since E; of Cl; is 13., ev and

of Br, is 12.8 ev, it is apparent that the con&iiion for
secondary emission, E;y > 2 @, is not fulfilled.

The second process, in which the molecule predissociates
before radiation,.becomes more and more probable, the greater
the.cqmplexity of the polyatomlic molecule., Neutrslization of
a polyatomic ion occurs hy field emissioézgiich is effective
20. M. L. E. Oliphant and P. B. Moon, Proc. Roy. Soc. A

127, 388(1930)




at a distance of about 10~7 cms from a metel surfece whose

work function is about 4 or § ev, After neutralization,
‘the excited molecule(Eexc = Ei - @) must approach within

about 10-8 cms, of the surface hefore secondary electron
emission is possibléfl)At the thermal velocities with which
the positive ions approach the cathode, 10-7 ems. is travgrsed
in about 10-12 seconds. To evoid secondery emission, the
molecule must predissociate in less than 10-1% segonds;v The
lifetime against predissociafion in polyatonmic moleéules is
closer to 1013 seconds, sbout the time of one interatomic
vibration. Spectroscopically, this property of predissocia-
tion in polyatomic molecules can be detected by the appearance
of continuous absorptionAat Wévelengths ecusl to (Ey - @).
Using alcohol (B; = 11.3 ev) and copper (¢ = 4.0 ev) for
illustration, the difference (E; - @) is 7.3 ev, which re-
mains with the molecule ag excitation en;rgy, ecuivslent to
absorption of a quéntum of 1700A wavelength. The slcohol
spec?rum ghows continuous absorption below Z000A accompanied
by phbtodeCOmposition, indicating that the neutralized but
excited molecules should predissociaste in about 10~13 second
and satisfy the cuenching recuirement.

The Influence of Metastable Atoms

A mestastable atom’produced in tﬂe discharge remains

21. H. S. W. Massey, Proc., Comb, Phil. Soc. 26, 386(1930)




in that state untii its energy is radiated or dissipated

in a collision of the second kind. If the>metastable atom,
which is electrically neutral, drifts to the cathode Wail
the probability of ejectihg an elgctron_there may be a&s high
as fifty percent. Although the aversge lifetime of metastable
stetes in neon before radiation is about 10"4 seconds, Paetgig)
found a measurable current caused by metastable atéms in neon
persisting for as iong as & second after terminating & dis-
charge between parsllel plates.

The highly purified rare gases teken by themselves,
are unsuited for use in counters because their metastable
sta£es are sé readily excited by electron impacts. Ejection
of electrons by these metestables after ‘the positive ion
shesth has spread beyond the crifical deadtime tadius, re-
ignifes the &ischarge end leads to trains of miltiple counts,
or ¢ontinuous discharge. A counter tube filled with rare gas
is therefore unusable unless a foreign ges is admixed which
de—excites the metasteble stoms on colliding with them.
Hydrogen is effective in quenching the metaétable states of
argon and neon and has been used with those rare gases to

make permanent gas mixtures for non-self-guenching tubes.

Q2. H. Pactow, Zeits. f, Physik, 111, 770(1939)
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The effect of mixihg hydrogen with srgon or neoﬁ‘on the
performance of a cbunter operated with én external cuenching
circuit is illustrated by the plateau curves of Fig. (8).
Lebs than ten percent of hydrogen in neon does not provide
enough collisions between hydrogen atoms and metastable
neon atoms to de-excite completely the metastables before
they radiate or reach the cathode. Adding more than ten
percent of Hy produces a plateauv almost as long as 1s obtained
in pure hydrogen. Argon fequires a‘much grester admixture
of hydfogen to produce & satisfactory plateau. The ionization
energies, B;, and metastable energies, Em, listédvin Téble‘I
show that it is energeticelly possible that metasteble neon
can be quenched by ionizing hydrogen, but that argon can be
.quenched only by exciting hydrogen (Eexc = 11;5 ev.).

Much more striking effects attributable to tge tuench~-
ing of metastable states were discovered by Pennihézgid'his
coworkers in their studies of breakdown voitages, VB’ in
rare gas discharges. Great differences eppeared in the
measured VB which could only be attributed to nminute traces
of impurities. For example, baking a tube filled with.pure
Neon dropped its Vg by 100 volts, but a subseouent glow disQ

. charge treatment raised it agesin. A high frequency electrodeless

23. F. M. Penning, Zeits. f, Physik. 46, 335(1927)




TABLE I

Vehicular gas Admix E; pd Vg VB

Neon By = 16.6 ev  .OK_- 13.3 20 350 170
Ol 161 18 350 260

BH, - 161 18 30 210

;01N2 16-17 18 350 200

05Ny 16-17 18 340 160

Argon B = 11.6 ev 03K, 13.3 15 500 500
| +03Xe 11.6 14 520 530

05 Co, 15 U 460 470
05 €O, 14 4, 480 500
L5 N0 9 14 470 480

NO was the only exception to the rule that VBvls reduced
if Ei«C Epe  Penning suggested that the neutrsl NO molecule had
- meny states above the iohization linit of 9 volts which were
closer to the 11.6 ev of metestable &rgon, meking excitation to

those levels more probable than ionization.
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discharge sometimes raised\and sometimes lo%ered VB'
Only after prolonged glow discharging, which is known to
clean up many impurity gases, would Vg resch a stable
upper value. By ﬁelibérately contamineting neon with traces
of afgon, mercury, and kryptdn in coﬁcentrafions as low as
0.0001 percent, Pénning obtained remarkable reductions. in VB'
It was imp05sibie to exnlain these results by
hypaihééizing that since the admixed gas had a lower ion-
ization potential than the main gas, it was therefore more
readily;ionized, resulting in a lowering of Vg« The relative
contribution of the mercury admixture to ionization, for the
case of Hg contamination in neon was computed to be about
0.0005, entirely too small to be significant. An explanation
of the reducéd Vg, based on the transfer of excitation
energy of neon %0 ionization energy of the admixture was more
plausible, In pure neon there is no mechanism for converting
excitation energy tO\ionization, but neon atoms excited to metast-
able states in the discherge could hsve a relatively great
efficiency for ionization of a trace aﬂmixturé if the energy
condition, By = E;, is fulfilled. Many collisiéns are made
during the life of the metastable atom and conseguently the
chance of an eventual collision with an admixture atom is great.

To materially influence the breakdown voltage, these collisions
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should occur within a few nicroseconds of the first avelenche.
At the pressures ordinarilf used in counter tubes a metast-
able stom may make between 10% and 105 molecular collisions
per microsecond. A corncentration of qﬁenching admixture as
low as 104 fo 10~5 would therefore effectively remove almost
all the metastable atoms within a few microseCOnds, if avery
célliéion between a metasteble and an admixture molecule had
a high probability of deexciting‘the metaatablei\ |

Fig. (9) end Table I summarizé the resuit§ of Penning
and his coworkers. The coiﬁmns of Teble I iist% E; the ioniza-
tion potential:qf the admixture; pﬁ, the product of pressure
and disfahce between electrodes; Vy the breakdown voltége of
”the pure rare gas; VBt the breakdown voltage with the admixed
impurity geses. The most pronounced effects were obtained
with an admixture of argon in neon vhere as little as 0.005
percent argon in 112 mm Hg of neon reduced the striking voltage
“from 770 volts to 185 volts between psrallel plates, 7.5
millimeters apart,  (Fig. 9C).

Low Voltage Counters

The condition that E_ of the raré gas atoms be higher

than Ei of the admixture is satisfied:by a great many of the

polyatomic guenching gases commonly used in counters. The
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téndency to redu‘ce the striking voltesge by con§erting metast-
aétable energy to ionizétion energy, however, is opposed

by the tendéncy toward inelastic electron impacts with

the poiyatomic molecules. These iﬁpacts keep the electron
energies below By and Ej of the rare gas end suppress the
growth of Townsend avalanches, thereby raising the threshold
voltage recuirement. Innormal counter mixtures, the con-
centration of polyatomic constituent needed to cuench adecuately
the discharge end produce & ssztisfactory life is so high, that
the process of holding dovm the distribution of electron
energies in the avalanche through inelastic impacts with‘poly—
atomic molecule$, is more important than the jonization of
metastables. The most notable exception observed here thusvfar
was methylene bromide in ergon, whefe the amount of admizture
could be reduced to a few tenths of a»percent without destroying
the quenching prpperties of the mixture. Such tubes, operating
at 256 volts, exhibited plateaus about lOO'voits long and had
useful lives of 107 counts. Weis£2é%served the effect of
diluting hydrocsrbon sdmixtures in argon to very low con-
centrations., The fhreshold voltage was merkedly reduced in
every case sstisfying Em > By although no examples were 6b§

served which promised practical usefulness in the sense of
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satisfactory plateaus apd long counting\life.
Recent attempts to produce low &oitage thresholds in

counters, with the neon-argon mixture and others des;ribed
in Table I above, have been very successful. Previously

- the lowest operating volfages had been obtained by reducing
the gas pressure, decreasing the anode and cathode radii, or
introducing a grid. None of these technicues produced low
voltage thresholds without sacrificingVother desirable -

' features such as high efficiency and faét recovery times.
The theory of operation of counters filled with permenent

gases having high threshold voltages and utilizing electronic
quenching, applies equally well to mixtures of the Ne-A
type with their characteristically low values of Vg. 'Siméig;
prepared counters filled with 5 cms. Hg of neon and 0.0l percent
argon, which operated in a Neher Harper guenching cirpuit with
thresholds at 120-135 volts. Self-quenching counters having
low threshold voltages were prepared by adding fractions of
a mm. Hg pressure of polyatomic vapors to the neon-argon
‘mixture. At the lowest threshold voltages, obtained by using
the minimam amounts of vapor, such counters were temperature
sensitive, short-lived, end required some electronic cir-
cuitry to sssist the cuenching. Using somewhat higher,

pressures, i.e., 1 mm Hg. of ethylacetste and 50 cus. Hg of

25, J. A. Simpson, MDDC Report 870, Declassified 1947.




Ne-A, fast counters were made in this Laboratory with thregs:

holds of 350 volts and platezus of 100<150 volts. These
; .

counters had useful lives of ebout 10 counts.

Coun;z§s employing traces of the halogsn Bases with
neon or arggn,'héﬁe low thfeshold voltsges combined with .
ﬁany other desirabie properties. They cannot be damaged

by excessive countihg rates or running over the upper volt—
age limit of the plateau. When chlorine or bromine is used,
the tubes are insehsitive to temperature variations over a
wide range. As was indicated in Penning's experiments, a
halogen admixture is also capable of reducihg the corona
breakdown voltage,.when the encrgetic recuirement, E; < Em’
is satisfied. Fig. (9) shows thet a trace of iodine’

(E;= 9.7 ev), in argon (Ej = 11.6 ev) was as effective in
reducing Vg as was Hg. In a similar manner, chlorine

(Ei = 13.8év) and bromine (Ei = 12.8ev) should ionize
metastables in neon (Em = 15.6ev). At higher concentration§
of halogen admixture, the halogen acts predominantly as an
electron trep and raises the breakdown voltage. As the
halogen concentration is reduced however, ionizztion of the
halogen molecules upon impact with metasﬁable rare gas

atoms becqmes more probabie than electron attachment and the

. starting voltege is lowered. Fortunately, relatively small
26, 'S. H, Liebson and H. Friedman, R.S.I., 19, 303{1948)
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.cohééhtraiibﬂs Qf halogen are required to satisfy all the Geiger
couﬁﬁer quenchi;g:féquirements. It has been pointed (27),0ut thaﬁ,
in theory, the haiégens possess the prOperties‘required in ocuench~
ing that are otherwise found only in poly-atomic molecules,

A major difficulty in the use of halogen admixtures is the
clean-up of thé small amount of halogen ériginally présent, by chem-
‘iééi reactipnsgwithin“the tube. Tubes constructed with electrodes
;d}?brasé, copper, silﬁer; acuadag and various plated surfaces, féilgd
yefﬁ'quiCKiy when filled with a rare gas plus a haiogen admixtﬁfei
Satisfactory results have thus far been obtzined with the use of
tantalum and of chrome-iron, and bromine appears to be much less re-
éctivé than chloriﬁeﬂ If the efficiency of the counﬁer for ionizing
events need not be greater than 90 percent, higher concentfations of" N Vuﬁ.
the halogens may be used and a slow clean-up then produces a cor-
reépondingly slower deterioration. The inefficiency and operating
voltage both rise rapidly with increasing halogen admixtufe, however ,
anc it is much more @isirable to seek to eliminate the chemical clean-
up process from the beginning, fathe} than to resort to higher concen-
trations of ihe halogen.

Tﬁé pulse éﬂarécperistics in low voltage counters differ only 

to a minor degree from those of the more common : i

(27)‘ R. D, Present, Phys. Rev. 72, 243(1947)
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higher voltage counters. The lower the operating voltages, the
longer is the rise time‘of the pulse. At the lowest voltages, the
vtime to reach peak amplitude may be ten times as long.as in similar
"high" voltage counters, The charge per pulse is also considerably
greater, Deadtimes are not appreciably different and generally ceﬁter
about 200 microseconds for tubes of erdinary dimensions.

" The Plateau Characteristic and Spurious Counts

-The plateau of a Geiger counter may be defined as the voltage
range over which the éounting rate at a constant intensity of irra-
diation is substantially independent of woltage. If the "counting
range'" is taken to ﬁean the cifference in voltage between threshold and
the incepﬁionbof a self-sustained corona discharge, then the plaﬁeau-is
~ always much shorter than the counting range. No Geiger counter exhibits
an ideally flat plafeau.characteristic for any considerable range above
the threshold woltage, An increase in counting rate with overvoltage
is alWays observed which may be as high as C.l percent per volt in
counters that are still considered satisfactory for‘many applications.,

A portion of the slope can be attributed to a re;l increase in
‘sensitivity, but the remainder arises from incréasing numbers of spur-
jous counts at high over~voltages.v The former effect is largely ex-

plained as an increase in volume




of the counter through the growth of the electrostatic
field at its ends. Of course, any misalignment of the
electrodeé;»sudg;és the wire being cocked &t sn angle to
the axis of the é&iindef, Will’increésé}the sensitivity
with increasing overvoltage by cg@siﬁg’different poétions of
the counter to exhibit;different threshold voltages. Finally,
any inefficienpj‘frOm failure to meture a omnlete discharge
wouldvbévlessenedfby en increasse in 0vervoitagq, since the
number . of photons pef discharge incresses with overvoltage
and improves the probeb}lity*of‘spréadipg the.dischafge
completely. The electroststic effects cen be minimized in
.genérai'5y é;%efﬁii§Téiiéningi%ﬁézglec;rgdeé, making the
length to diemeter ratio es lérge s convenient, polishing
thelgnodeAtQ‘remove sharp points, and shielding the ends of
the wire with insulating sleeves s0 g8 to limit the expansion
of the sensitive volume beyond the ends of the cylinder. 1In
?he prepafation of most counters, these preéauiiOns are more
‘or less routine, so that spurious pulsés‘generated by the
dischérge itself are usually the mejor contributors to
plateéu slopes

| The most serious source of plateau Siépe in Geiger
counters is 2 type of spurious counts thet appear in fhe
form 6f "after—discharges" or trains of counts following a

valid count. In some counters these multiples appear almost




inﬁnediately above threshold; in all counters tliey appear at suf-«-

ficiently higﬁ overvoltages. The voltage region in which thesé trains

of multiple counts begin to appear in appreciable numbers marks the liﬁit
~of the useful plateau range. Certain fillings, such as argon and al-
cohol, which show no spﬁrious pulses at overvoltages of 100 to 200 volts,
produce VGry‘fiat plateaus: If the argon is of spectroscopic purity
(99.494) and the dalcohol is free of air and water, a plateau slope less
than 0.0i'peféent per volt may be obtained. 4 commercial grade of argon
(98%) on the other hand, produced slopes from 0.05 to 0.15 percent per
volt, and contamination with air increased the lepes_proportionately (28).
“An optimum concentration of qunching admixture was also observed which was
about 5 percent for alcohol. Larger concentrations increased the slope.
This behavior could be explained by failure of an increased number of
discharges to develop fully because of the suporession of pﬁoton emmission
in the avalanches. Twenty vpercent of alcohol in argon-increaéed the slope
to 0.05 ?ercent'per volt, The:behavior of alcohol-argon is also typical
of helium and neon and many of the more commonly used hydroéarb@m;
quenching admixtures, such as ether, ethyl acetate, amyl acetaﬁe, and
ethylene, In contrast, many spurious counts were observed () when

alcohol was used with 02, N2, or H2. For a mixture of hydrogen and al~

cohol, 27 percent of the counts

(28) S. A. Korff, W. B. Spartz, J. A. Simpson - MDDC Report 1704.




observed in the middle of the plateau were sspurious; in oxygen and al-
cohol the fraction of spurious counts was 10 percent.

Although a counter ﬁaf initially exhibit a very flat plateau,
the slope ihvariéble incfeases witﬁ.use.~'The rate at which this pro-
ceeds initiall} and over longer periods of use, varies with the partic—
ular gas mixture., In argon, wiﬁh'alcohol admixture, the slope may increase
considerably at first, then remain relatively unchanged for a major pbr-'
tion of the useful life and finally deteriorate very rapidly. Some mix- '
tures show a tendency to recover when not in use, .All these effects re-
flect the contamination of ﬁhe gas mixture by decomposition products of
the discharge and the correlated loss of the optimum concentration éf
quenching constitueﬁt. |

The process xgsponsible for the major portion of the spurious
pulses observed in counter tubes is positive ion bombardment of the
cathode. As the overvoltage is raised, the number of positive ions per
dischafgé increasesi Sinde ﬁhe emission of secondary eleétrbns is direct-
1y prOpoétional to the himhber of ions arriving at thé cathode, the num~
ber of Spurious_counﬁs shduid indfeasé With ovéfvdltagea Because of the
well defined time recuired for bhe posibive ion sHeath tG traverse the
interelectrode space; spurious puléeé éfising from secondary emmi ssiofi

are readily recognized. On an
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oscilloscope screen, trains of spurious pulses at high overvoltage
have the appearance of relaxation oscillatibns. The successive pulses
in a train are uniformly spaced in accordance with the nature“and pres-
sure of the vehicular gas and the overvoitage; as pfedicted by the de-
peridence of ion mobility on pressure ané field strength. Figs. (10,>ll,
12) illustrate: the increasing length of the trains of multiple pulses
with increasing overvoltage or decreasing concentration of quenching
admiﬁiure; thevincrease in spacing of multiples as the mobility of the
positive ions is reducedvby incrsesed pressure; the dependence of the
mobility, as reflected by the spacing of pulses, on the collision cross-
seétioné of the rare gas étOms. Before arriving at the cohdition‘of con-
tinuous corona discharge, the number of pulses in individual tfaiﬁs
my reach thousands without destroying fhe serfect spacing between pulses.
The ideas behind most procedures for treating counter tubes
prior to filling, is to produce a high work.function at thercathode sur-
face énd thereby reduce spurious pulses due to secondary emmission. In
many insténcés thé effect of adsorbed polyatgaic molecules on the metal
surface is.to increase itsbwork function m;re markedly than most of the
treatments‘to oxidiie;or make the surface passive which have so often

been recommended in the literature. leasurements of the
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photosensitivity of an alcéhol—argon couhter with a clean ccppér
cathode show that the photoelectric threshold is devressed toward the
ultraviolet as more alcohél is admixed with the argon. During use,
the discharge decomposes the alcohol and the threshold climbs steadily
back toward fhe visible. When using low work function electrode mater-
ials such as aluminum. or magnesium, the work function must be consider-
ably increaéed by chemical treatment or by deposition-of a very thin layer
of a more suitable surface such as copper, before satisfactory counting
can be obtained., Glow discharging in an acti§e gas, before filling, is
often effective in subsequently preventing spurious counts. Several more
extreme treatments have been described such as mechanically coating the
cathode with a very thin layer of a high work'function_surface, foévexé
ample, a coating of ladqﬁer. The influence of such a coating can be
judged from its effecf on the photoelectric threshold, Becéuse the
lower energy photoelectrons released at threshold cannot penetrate the
thin coating, the photoelectric limit appears to be shifted toward the
ultraviolet, |

A less important class ofispurious counts are those attributable
to the charging of particles or thin layers of insulating material on
the cathoce. During the discharge, positive ions may remain bound to
these insulating surfaces, or the paréicles may aquire charge as a result

of photoelectric




emnissions Subsecquently, spurious counts may be_tfiggered by electrons
relaeased in the neighbofhood of these chsrged spots, Experimenté with'
plahe parrallel electrodes (29)demonstrated the presence of an electron
current décreasing roughly exponéntially with time, féllowing the termi-~
nation of a glow discharge. & measurable current was observed for fully 15
minutes with nickel electrodes coéted with collodial graphite and magnes-—
ium oxide. After prolionged baking to reméve the oxide, this after-dis-
charge current almost entirely disappeared. The effect of irradiation

was demonstrated by an experiment (30)1n which parts'of a counter tube

were exposed to intense x-rays snd the counter subéequently reassembled.

A much higher background was then observed, which decayed slowly with

time, Many counters go over into an unbroken chain of counts when'ghe over-
voltage exceeds the limit of the platzau and do not recover when returned
to viat was previously ﬂoruai overeting voltage., The applied voltage

must them be dropped bslow threshold for at least a few seconds before such’
tubes recover. This general behavior closely resembles the phenomena

observed in the aforementioned experiments with ¥MgO coatings and irradiated

electrodes.

29. A. Guntherschulze, A. Physik 86, 778(1933)

30. Hoggen and Scherrer, Helv. Fhys. wcta 15, 497(1942)
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‘Life of Self-Quenchiﬁg Counters

Most self-quenching counters exhibit‘similar symptoms pf age-
ing. The threshold voltage rises, the plateau slope increases, and
multiple pulses appeat at progressively lower voltages. ieny tubes
become increasingly photosensitive. Some counters may be brought into
self-sustained discharge above the plateau, yet recover immediately
when returned to operating voltage, wheress others aré permagently des;
tréyed if’brought into continuous discharge even momentarily. Most of '
these obseryations are understandable in terms of the décomposition of
the cuenching admixture in the coursec of the discharge. A typical
counter initially contains aprroxiuately 10<0 polyatouic molecules.

About 1010

of these .iolecules are ionized in each discharge amd dis-
sociate when they reach the cathode wall. It seems necessary therefore
to aecept an upper limit of about 1010 counts for the maximum life of

a sclf-quenching Geiger counter cdntaining polyatomic molecules. A
sinle daﬁonstration of the breskdown of the polyatomic constituent is
obtained by attaching a sensitive manometer td a counter tube under life
test, The increase in total pressufe contributed by the partial opres-
sures of the end produdéts of the discharge is readily observed, It is

now believed that the ageing‘méy generally be attributed to a combination

of two




processes: (1) an alteration in the optimum»gas composition fesﬁlting
from decomposition of the cuenching vapor;' (2) the dé?osition on the
eleqtrodes of polymerization products manufactured as a result of the
discharge. The former process is sufficient fo account for most of the
deterioration of ethyl alcohol and ethyl‘acetate filings. The latter
process has been identiiied with the short-lived performance of methaﬁe
fillings. |

The primary decomposition“products are neutral radicals and frag-
ment ions. Mass spectrometer rescerch in receﬁt years has reveeled an
abundance of fragment ions formed in electron bombardment of cbmplex
molecules, compared to the number of ions of the parent molecules. In
some molecules such as tetramethyl lead'(ls)the parent ion is not ob-
served at all. .Some of the dissociated fragments may comine to form
other organic molecules, which may or ey not be quenching moieculeé.
It may be reasoned that starting with a large molecule a relatively
greater protion of the rroducts of the discharge may again have aquench-
ing properties. This seems to beigénerally true. The lifetime of a

counter using amyl acetate, for example, is about ten times as long as

that obtained with ethyl alcohol admixture, IZventuszlly, all the larger

molecules must be broken down into the lighter fractions including

v

3. 8. S. Friedland, Thys. Rev. 74, 898(1948)
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ndhaseif cuenching gases such aé hydrogen and oxygen.

In the ease of methans, tuves are found to fail at between
107 and 108 counts, which is insufficient to account for decomposi~
tion of enouéh of thé original acdmixture tb spoil the tube. It‘has
been shown (32)that the decomposition of methane yields hydrogen along
with saturated and unsaturated hydrocarbons, and>a dep&sit on the cathode
cylinder which can be identified as a polymerization product formed
from the unsaturatec hydrocarbons. This polymerization process is known
to occur cuite readily in an electrical discharge at the surface of a
metel electrode.v The failure of counters using pronane and butzne also
appears to be traceable largely to the deposition of dielectfic polymers
on the cathode surface. bduch tubés cannot be restored to operation by
refilling with a ffesh gas mixture, unless tﬁe electrodes arz washed
with a solvent capable of rémoving the deposits.

Short Time Delays in the Firing of Geiger Counters

Coincidence counting is one of the moét powerfﬁl tools available
for the analysis of nuclezr disintegration schemes and cosmic ray phe-
nomena, In all cases, it is advantcgeous to reduce the coincidence
resolving time to as short an intervaljas possible, if merely to reduce
thenumber of accidental coinéidences which statistically occur in direct

proportion
32. &. C. Farmer and S. C. Brown, ~hys. Rev. 72, 902(1948)
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to the resolving time. In determining the decay scheme
of a nucleus which undergoes a series of radioactiwe tran-
sitions in rapid succession, observations of delayéd CO-
incidences can reveal the time relationships in the chain
of nuclear radiations. If two transitions’follow each other
in less than lO"8 second, it is experimentally imposéible to
-distinguish the spacing betﬁeen them with Geiger counters.
If, however, the second transition in & secuence follows the
first after an a%erage time interval greater than lO"8 seconds,
it becomes possible to detect the deviation from simultencity
oy delaying the count produced by the first transition long
enough to bring it into coincidence with the second. To
apply this type of measurcment to timing cvents séparated
by as little as tenths of 2 microsecond requires experimental
resolution timgs'of a few hundredths of a microsecond. In
attempting.to decrease the resolving time much belOW'a_micro—
second, however, many experimenters found inherent ﬁncertainties
in the firing times of counters of the order of a tenth of a
microsecond, (33)which were cntirely distinct from the occasional
longer delays of 10 to 100 microseconds resulting from electron
aﬁtachment to form negative ions. |

The maximum resolution achieved with any coincidence

arrangement using a pair of Geiger counters depends on the

33. C. W, Sherwin, R. S. I., 19, 111(1948)
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rate‘of growth of the pulse in each counter following the
t“passage of the ionizing pvhoton or pafticle. Experimentally,
iﬁ»is observed that even when é peir of counters of average
dimensions are fired by the®same high speed rarticle there
occurs a relative randomness infiring times with an average
difference of .as much &s 0.2 microséconds. Short time delays
in firing of a counter may be attributed to two sources:

(1) the electron transit time in the zvalanche; (2) the time
required to develop the initial -art of the ion sheath after
the first electron avalanche reaches the wire. The formér
delay arising from eleétron transit time is eSSentiaily it
dependenf of overvoltage, whereés the latter delay, involving
gfowth of the ion sheath, decreases with incrsasing overvoltage;
Ls wés ﬁentioned ezrlier, the elementary process of avalanche
production beginning at a distance of a few wire diameters
from the anode, requires about 1Q"9 scconds. The collection
time fbr'the.triggering electron and single Townsend avalanche
which it creates, will obviously denend on the radial dis-
tance at which the primary eléctfon is produced. . To compute
this time it is necessary to know the velocity of the glectron
at all distances from the wire. However, since’ap electron
starting at the cathode must traversebthe first half of the
radial distance to the wire at nearly thermal velocities, ité

‘motion in the outer r/2 portion of its path accounts for
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almoét all of the collegtion time. The average energy
acquired per mean free path over the first half radius
from the cathode is about 1/4 ev, which corresponds to an
average velocity of about 3 x 107 cms/sec. The ma imum
possible transit time in a tube of one centimeter radius
will therefofe be somewhat greater than 3 x 10'8’seconds.<3h)
- For an electron starting at intermediate radial distances,
othe transit time is roughly proportional to the square of
the distance. In counters of larger diameters, transit
tizes can thefffore reach values in excess of a microsecond.
Measurements(g;)a tube 7 cms. in diameter revealed transit
tine delays of 0.3 to 2 microseconds.

Thé portion of the delay attributable to the rate of
growth of the ion sheath denends on the sensitivity of the
detector amplifier, the position along the length of the
tube at which the sheath starts to develop, and the over—
voltage. During the first tenth of a microsecond recuired
for the sheath to spread a distance of a few millimeters,
the rate of rise of the pulse oﬁ the wire may be less than

. ¢ne volt per tenth of & microsecond. Obviously, a wide band,

high sensitivity amplifier would be recuired to detect the

34. 8. A. Korff, Phys. Rev. 72, L77(1947)
35. H. Den Hartog, F: A. iuller, and N. F. Verster, Physica

13, 25(1947)




pulse within this time interval. The rate of rise in-
creases rapidly after the first 107 second, depending somewhat
on whether the counter is triggered at the center or near

one end. At the center, the discharge may spread in both
directions whereas, ét either end of the tube, the discharge
can propagate only‘in the direction of the oppoéite end.

The slope of the pulse during the spresd of the discharge is
roughly twice as steep in the former case. The behavior W
with change in o%ervoltage is also readily understandable,
since the discharge is matured by.photon emission and ab-
sorption and the abundence of photons per avelenche increases
with higher overvoltage.

It is clearly indiceted then, what steps mey be taken
to achieve the fastesf posgsible coinéidence resolving times.
The smallest diameters. and lowest filiing pressures con-
sistent with ofher experimentel reduirements should be
selected to minimize transit time fluctuatigns. A sensitive
wide band amplifier and operstion ¢t high overvoltege will
make it possible to detect the pulse in the earliest stage
of its growth. Resolving times s low s 0.035 microseconds
without coincidence losses due to random time deleys were
ob%ained in experiments by Mandeville ond Scéii%, with argon-

ethyl ether fillings cnd ¢ fest coincidence circuit.

36. C. E. Mondeville ond M. V. Scherb, Nucleonics 3,2(1948). .
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Cosmic Rey Efficiemcy

In the majority of Geiger counter tube types it may be safely
assumed that a single ion pair formed anywhere within the Volume of
the Geiger counter will trigger a discharge., In deteCtiﬁg the passage.
of an ionizing particle such as a cosmic ray meson, the efficiency can
" ordinarily be mzde greater ihan 99.5 percent, by selecting a heavy gas
and filling to a relatively high pressure. The rare gases, except for
helium, yield many ions per'centimeter of path when traversed by a
high speed cosmic ray particle. The values of ﬁhe specific ionization
(ions per cm. per atmosphere) in neon, argon, and xenon are 12, 29,
and L4 respectively, bﬁt the values for %elium and hydrogen are no
greater than about 6. Since the number of ions produced per centi-
meter of path fluctuates‘statistically, there is always a chance that
éhe particle may traverse the countér without producing an ion pair.
/The average number of electrons, N, left behind by a meson if it tra-
verses a path length, g; in the counter is[npd, vhere n is the specific '
ionization and p, the fraction of atmospheric rressure. The probabil-
ity of‘not producing an electron is therefore e™N ang the efficiency

Eis given by E=1 - e "N. For example, where the gas in the counter

(4)
is argon ati%r atmospheric pressure, and the track length through
the tube is 2 cms, 6 ions per meson are produced on the average, and

‘the efficiency is 99,8 percent. If, now, the particle penetrates the

counter close to the wall,

(37) J: C. Street and R. H. Joodward, Thys, Rev. 46,1029 (1934)

(38) M: E. Rose and W. Z. Ramsey, Phys. Rev. 59,616 (1941)
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traversing aboﬁt 1/6 centimeter, N becomes equal to 1 and the
effiency is only 63 percent. In the seme way, one finds that the
efficiency for small counters and for counters filled with hy-
drogen or helium is considerably lower. For 90 percent efficiency
in a 2 cm peth, it is necessary to use zbout 1§ cms Hg pressure of
hydrogen or helium as compered to 3 of argon.

In certein cosmic ray‘expériments, low efficiencies are
deliberately sought so ns o distinguish for exomple betwesn
heavily ionizing mesons ond electrons. Counters ure prepered
for such experimenté by filling with ¢ low pressurc of hydrogen
or with‘three or‘four cms of helium to which is sdded the minimﬁm
amount of a light pdlyetomic vepor sufficient to produce a self—
guenching counter with = usecble plecteau.

There is another type of inefficiency essociated with
electron attachment which was first demonstrﬂtég7in studies of
- coincidence counting, with cosmic rey telescope arr;ngements. In
the region necr the czthode, the combined  effects of low field
strengthvand produétion of'relstively few ion puirs mekes electron
cepture to form neg;tive ions sufficiently proboble to have 2 marked
. effect on efficiency. The heavy negrtive ions drift slowly into
the high field region where the negntive oharge\may detecch and
initizte o deloyed dischrnge, or the ion mey retcin its chuarge
and not produce cn avelanche attall. By varying the re-
solving timefBE% the coincidence circuit used with |
37. J. C. Street aﬁd R. E, Woodward, Phys. Rev. 46, 1029(1934)

38. M, E. Rose and W. E. Remsey, Phys. Rev. 59, 616(1941)

- 52 -




aﬁ oxygen filled counter from 0:2 to 70 migroseconds, the efficiency
of COinéidenée gounting was sltered from 50 to 80 percent, When the
\dﬁygen was diluted to 6 éercent'of an oxygen-argon mixture, the
efficieﬁc& remained sbout 96 percent from 0:2 to 600 microsecconds.
The portioﬁ‘of‘the inefficiency which disappeered with increasing
resolving time represerted delayed c?unts ofigiﬁating from negaﬁiVe
ions which gave up their electrons near the wire from 10 to 100 micro-
seconds after their attachment; The inefficiency which is unaffected
by resolving time represents the fraction of primery ionizing events
which doqnot mature {nto oounté. ~lthough this inefficiency is only
bafely détectable in argon plﬁs 6 percent oxygen, it ié very pronouncéd
in tubes containing admixtures of the halogens, halogenated hydro- -
carbons, ammonia, or sulphur dioxide. Eig. (13) shows the‘fesponse
to a collimted beam of x»fays passing axially down an end window
. counter tube at variéus radial distences from the cathode (39). With a
filling of argon plus methylene broﬁide admixture, the efficiency de-
creased from close to one hundred percent near the wire,'to only a
few percent at the cathode. ifxposed to. cosmic rayé, this tube showed
an over-all efficiency of about 15 percent. Corr;sponding measurements
are shown for chlorine and argon,
Soft X-Ray Counters
A counter tube for detection of soft x-rays can be designed

’

s0 as to produce a count for virtually every quentum which enters the

(39) H. Friedman and L. S. Birks, R.S:I. 19,323(1948)
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tube. In early work with x-ray counters, relatively low pressures of '
‘filling gases were uscd and ionization of the gas piayed a minor role
Iin triggering the counters. The x-ray beam was usually directed at
the cathode cylinder and released photoelectrons which initiated the
counts, The x-ray photoelectric yield of any element reaches a maxi-
mum on the short wavelength side of its x-ray critical absorpﬁion limit,
For wavelengths longer than those associated with the criticai absorp-
tion the absorber is relatively transparent; yielding few photoelectrons.
By selecting as cathode, a material whose K absorption limit fell at
a slightLy longer wavelength than the radiation being measured, it
was possible to detect about fifteen percent of the quanta whiqh struck
the cathode, as (hO)in thelcase of a zirconium cathode used to measure
x~-rays generated at 30 KeV'( A max. = 0.64).

The .form of counter tube bcst suited to the measurement of
soft x-ray beams is the end window type, filled with = gas capable of
‘absorbing a large fraction of the radiation’admitted in the direction
of the axis of the tube, The absorption of x-rays of wavelengths
softer than 0,5 angstfom is elmost entirely a photoelectric process
in heavy gases such as'argon, krypton, and xenon. It is therefore
permissibie to aséume that‘the percentage of an X-ray beaﬁ absorbed
in the countef tube gas represents the cuantum bounting efficiency,

provided that each ejected photoslectron trizgers a discharge, If

() H. M. Sullivan, R.S.I. 11, 356(1940)




argon is the yehicular gas, it strongly absorbs the K series radiation;
of elements up to about 2n(30). Krypton (36), whose critical x-ray
absorptidn falls at 0.9 angetroms, is an efficient aﬁsorber of wave-
lengtﬁs shorter than this limit, and also matches’the absorption in
argon-at the longer wavelengths. Xenon (54) absorbs'strongly through~
out this entire region of the’spectrum. Fig. (15):illustrates the
absorption characteristics of these three gases in the wavelength rénge
from 0.4 to 2.4 angstroms, 39 It is apparent; that efficiencies ap-
proaching 100 percent are attainable over a large portion of this
spectral range, if the proper ges is used at sufficiently high pres-
sure or if a long enough gas path is provided to absorb the x~ray beam.

| The most transpareﬁt, yet vacuum tight, windows for x-ray
counters are in-blown glass bubbles, mica, beryllium, and Lindemann
glass (consisting meinly of lithium tetraborate). Glass bubble
windows of thicknesses between 0,5 mg/cm? and 1.0 mg/cm2, with aper-
tures 2 ams. in diameter, are strong enough.to support atmospheric
pressure on the concave side and still transmit 1000 e.v. x-rays.
‘Table II indicates the x-ray transparencies of mica, beryllium,

and Lindemann glass at a few wavelengths in the soft x~-ray region.
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' TABLE IT

Window Transmission (percent)

Ork((2,274) FeKx(1.948)  CukX(1.548)

0.020" Lindemann he5 : 14 38
0.010n - 22 37 | 61
0.001 Aluminum 37 53 m
0.001 HMica 40 56 o
0.0005 ™ 6L 75 86
0.020 Beryllium ' 65 76 ‘86

At YoK: ¥(.7A), all the windows listed above transmit in excess

of 90 percent of the x-rays..

\

TYpical tube constructions are illus@rateé in Fig. (15). With
glass or mica Wina0w$ the active counting region can be brought up
close to the window, Beryllium and aluminum windows are highly trans-
parent but introduce the difficulty of insulatiﬁg the window from
the cathode, or rétfacting‘ﬁhe anode to eliminate,dischargiﬂg to fhe
window, The resultant dead Space'immediatély béhind the window, some-
what reduces the efficiency of the counter.

A béryllium window is particularly uséful when it is necessary'
to measure soft x-rays in the presence‘of beta rays. For example,

5 year Fe5;5 deczys by K elecfron capture into ¥n®5 which then emits

5.9 Kev x~-rays. Fe?? has a 47 dey half life and emits beta rays
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with a meximum energy of 0.46 lev aéd hard gémma rays. An argon
counter with a berylliumn wiﬁdow, 0.4 nu thick, detects about 50
percent of the soft x-rays, of Fe55 but less than 2 percent of the
Fes9 betas. Thé ratio of sensitivities can then be invértedvby
using a thin mica window and helium;. which will respohd to every

“beta particle entering the tube, but cannot absorb the.xarajs;\
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Gémma Ray Counters

'JAs the frequency of the electromagnetic radiation inéféases beyond the
soft xﬁ;ay region; the photoelectric absorption iﬁ‘the gas assumes an insigs
nificant role. liost gases used in countef tubes do not appfeCiébié absorb
photons whose energies exceed sixty or seventy thousand electron Yolts; and
direct_iohizaﬁion of the gas is negligibly emz1l, Hard x-rays or gama ra&s
are‘détected by virtue of the ionization of the counter gas by secondary photo-
electrons, Compton recoil elecfrons, and electron;positron pairs preduced
within tﬁé cathode material. For the lighter elements and higher freauencies
of gammsa rays, the absorption is almost entirely the result of Compton scatter-
ing. At the other extreme of higher atomic numbers and softer radiation, |
photoelectric absorption becomes most important. Electrbn—pCSitron paifs do
not appear below 1,02 Mev., the sum of the mass energies of the two particles.
The cross-section :or'pair production increases slowly with the excess‘of
energy above this threshold and is proportional to atomic number, The photo-
electric absorption coefficient is apéroximately proportional to the cube of
the atomic number aﬁd decreascs rapid;y with increasing frequency. At 1 Mev,
the photoelectric absorption coefficient/in copper is already redﬁced to
roughly 2 percent of the Compton scattering coefficient. In the very heavy .
elements, however, the photoelectric effect remains relatively improtaht up
to much higher energies. At 2.6 Hev, the photoeffect in lead is still about
15 percent of the Compton scatiering. Pair production becomes compérable to
Compton effect at much higher energies. In lead, ga:ma rays of 5 ilev moduce

about one positron for every three Compton recoil electrons. The same ratio
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is reathed in copper at closer té 10 Me% and in‘alumihdm at_ébdut 15 Mev.
The combined effedt of all three pfoéesses contributing seCOndary electrons,
is to make the counting efficiancy roughly proportional to gamma‘ray énergy;
if the counter is constructed of a light-element such as copper, Cathodes
of heavier elements, lead, bismuth, or gold, raise the éfficiencies tquro~
nounced degree at both the low and high energy extremes.

In many nuclear experiments such s the determination of reaction yields,
it is necessary to know the absolute counting efficiency at particular ﬁave—
lengths, In order‘to compute what percentage of gamme ray cuanta of é‘given
energy inéident on a Geiger counter will triggey counts, it is essential
to understand how the number of secondaries injected into the gas of the
counter depends upon the thickness and material of the cethode. If, for examplc
the thickness of the cathode wall is much less than the range of the secondar-
ies almost all the secondaries will enter the gas and @ oduce counts, but by
the same token the fraction of the primary beam‘converted to seccondaries will
be small. On the other hznd, when the thickness is much greater than the range
of the secondaries, the absorption of.primary radiatioh may be relatively
great, but the secondaries produced ‘at depths from the inner wall surféce,
greater than the maximum recoil electron ;angc, cannot emerge to contribute/
counts. This behavior is illustrated in fig (16), computed for 2 Hev gamma -
rays entering aluminum., An optimum thickness exists, which pmodﬁces‘the maxi-
mum number of secondaries per priméry cuantum. This thickness is of the order

of the maximum range of the secondaries in the cathode material.
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fh§ Coﬁpton electrons exhibit é rouéhly eXpbneﬁtiai aﬁSorﬁtion és a
consequchce of multiple scattering and the dependence of recoil energy on
ahgle; Let an Absorption coefficientfﬁz be assigned>tohfhe recoil electrons,v
and let s 1 fepresent the linear abSofpiioh coefficient fpf gamma rays; It
then Eéﬁ be sﬁowh that for cath&de thickheSSes equal to or greater than the -
\Optimuﬁ, the ratio, R of the number of secondaries emerging from the cathode,
to the number of primary quanta transmitted, is approximately

R M1

S 2 -.-7‘4 vl

)

 This ratio is very nearly the efficiency of the counter, For exampie, a 2 Mev
gauma ray, wﬁose absorption cpefficient in Al is about 0,12, produces Compton
recoil electrons having an absorption coefficient of about 20. The éffiﬁiency;
according to (5) should be abgﬁt O.é percent, At 1.0 Mevﬂﬂ*l is 0.17 and/,u\2 .
about 55, which should reduce the efficiency to about 0.3 percent,' It is
apprdximatély true for lighter ¢lements such as Al and Cu, that thé efficiéncy
in the gammé réy fegion from 0.2 to 3 Mev is proportional to the energy and
increases at the rate of about one percent,per Mev. |

(4)

The wavelength dependence of the contributions to counting efficiency/”
for each of the ‘three absorption processes is shown in Fig (17) for a copper
cathode, The major contribution to the efficiency comes from Compton scatter-
ing. ‘hen the cathode is made of a heavier e¢lement, the efficiency is higher
because of the more important contributions from photoelectric absorption and
pair production Fig, (17) also shows the total efficiency curve for lead,
Since the Compton effect is independent of atomic number, the difference

(1) H, Bradt, P, C. Gugelot, O. Huber, H. iledicus, P. Preiswerk, P. Scherter,
Helvetica Physica acta 19,77 (1946)
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between the Pb and Cu cur#es fepresents the enhanced photoelectric contribu;
tion at lower ffequencies and pair production at Higher frecuencies,
Consideféble nunbers of Géiger counter survey instrumenﬁs are being
used to monitor radiozctive contaminations in atomic energy activities and
x-ray laboratories, and in many cases the metcr readings arc calibrated in
roentgens, It is interestingrto apply some of the above data on efficiency
~to the problem of the ratio of counting rate to roentgen dose at varioué
wavelengths., If, for exsiple, the counting rate per milliroentgen pef hqgr
is assumed to be lOC cps at 1 Mev, than a copper cathode counter will deliver
about 135 cps and a lead counter 106 cps at 2 kev. for the same dose. This
ratio of counts to rocntgens hes a minimum somewhere betweep 0.1 Mevrand
0.5 Mev, On the low frecuency side of the minimum the counting rate and

Ve

roectgen dosage rate diverge widely,

(42)
_ Several years ago, Trost attempted to apply counters to rocntgen dose
' in : ' .
measurements under 0.5 Mévhfonnection with stray radiat on from x-ray

apparatus. Using a typical metal-in+gluss counter tube, he‘found‘it possiblé
to keep the ratio of counts tovroeﬁtgens constant within 12 porcent between
60 and 120 KV. ihen a filter combinatiqn.consistinédof\l mm of tin plus 1 mm
of brass was interposed between the source and the tube, the curve of counts
versus roentgens was fiat to 10 percent from 120 to 300 KV, To include the
very soft radiatioﬁ under 60 KV he constructed a tube with & plexiglass wall,
1 mm thick, and operated it slightly below Geiger threshold in the region of

limited.proportionality, For energies in excess of 35 Kev, the curront

(42) 4, Trost, VDI - Leitschrift 85,829 (1941)
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delivered by thig tube paralleled an "air wall" ionization chamber response
within .10'perceﬁt. These results are illustrated in Fig. (18) reproduced
from ref, (42). |
Methods of Improving the Gamma Ray Efficiency

Any construction which increases the areg of cathode surface per unit
volume of the counter will increase the number of secondary electrons injected
into the gas end thefe‘by increase the efficienéy. ‘The exposed inner surface
of & ecylindrical cathode may be increased by a factor of ™2 over that of
a smooth surface by cutting L5 degreec threads on the inside, or by & factor of
:gl: by'employing.a closely wound helix of 16 or 20 gauge wire as the cathqde,
The greatest advantege was gained by the substitution of a wire mesh screen
for the solid wall cathodeSAB)The optimum mesh wes found to be about 100 wires
per inch and gave about a 50 percent improvement in efficiency over a smooth
walled cathode of similar material, Pert of this gain was attributed to the
ability of the electric field to penetrate the spetures in the‘mesh aﬁd draw
in eléctrﬁné fbrmed on the outside,

Bundling large numbers of smalier diameter tubes within the volume of a
single large tube is 2nother simple method of increasihg efficiency, particu-
‘larly when desling with a collimated berm of rediation. Since perhaps 99 H
percent of the gamme ray beam is transmitted through the walls of the first
qylinder,_the second cylinder in the peth of the rays has almost as much
chance of prodﬁcing'a count as the first., Ten counter cylinders in line mey

therefore yield about nine times &s many counts as a single counter pleced in

the p:th of a parallel bundle of roys. The counters shown in Fig. (19) were

1\
(43) R. D. Zvens ond K. ~. Mugele, R.S.I. - 7,441 (1936)




intended for uge in this way. If, however, a number of smrller diameter
cylinders are bundled in place of a single la}ge tube of éomparable over-a21l
dimensions, the gein in efficiency for detection of an isotropic flux of radia-
tion is not vcry great unless a very large number of tubes is>used. The rela-
tive efficiencies of the bundle of tubgs and the equivalent simple tube are
given by the ratio of‘the sum of the diameters of the individual tubes to the

the .
diamcter of ;simple lerge tubc, For « bundle of seven tubes, the ratio is

A
7/3; for 19 tubes the improvement in cfficieney is only 19/7.
' 'Perhaps the most succc: sful multi-e¢lement tubes designed to increase
- | (L) _
efficiency were described by Here in ~ series of patents filed in 1941-43. It

is not necessary to retain the coaxial cylinder arrangement in order to obtain

~

& Gelger counting pleteau. Becausc of the concentration of the field near the
wire; the platezu is relatively insensitive to the shapg of the cathode. For
example, - plane electrode may be substituted for thc cathode eylinder (fig.
20A), This configurction may be»exp&nded in one dimesion es shown in (fig. 20B)
and finally in two cimensions to forin « multiplicity of both plates and wires,
fig. (20C). The efficiency of such an =ssembly is approxim-tely eouél

to the number of plates, even whén as many 2s ten plotes are used, and does not
depend very much on orientation. Theoretically, the lisit to the efficiency
obtainable with such structures mey approach 30-40 percent. Practical restrics-
tions on the number of plates employed would be governed by the mechanical -
limitetions on the closest sprcings. Hare stated that spﬁcings betweeh plates
of 2 mms. were sucééssfully employcd, | |

(44) U.S. Patent 2,397,073 to D.G.C. Hare (1946)
U.S. Patent 2,397,071 to D.G,C. Hare (1946)
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The extent to which the geometry of the counter may deviate from the
>simple coaxial cylinders and still ratain full volume sensivity, depends on
the nature of the gas in the counter. 'ith thc more commonly used "100 per-
cent efficient" mixtures such as argoﬁ—alcohol, » considerable assymetry is
tolerable., However, with halogen sdmixtures, halogenated hydrocarbons, and
other electronegative guses, the loss of sensitivity in the weak field regions
. near the corners of 2 box countor of rectangular cross~scction, for cxnmple,
would leave most of thet mrt of the counter volume inscntitive to radistion,’
Recently, Curran and Reiéhsinvestigated the behavior of box shaped cathodes with
various numbers of pirallel wire anodes and determined the effects of assyme~
tries in-anode positions relative to cathode walls and of anode spacings rela-
tive to each other, |

M:ny other crrangements to increasc the bathodé surface hr.ve been sugges—
: ted. The construction shown in Fig. (214) consisting of a wire anode passed
perpendicularly through a hole iﬁ s plote, will function as a Geiger counter.
The sunsiiive volume of such a configuration extends out cdnsiderébly farther
than the radius of the hole in the neighborhood of the plate, Ixtencing this
arrangement ©.s shown in Figs. (21B) and (22), leads to a structure of stacked
disks perforated with holes that are aligned on common cylinder axes. ‘The
anode wires are strung exially through the holes. The entire asscmbly may be
compered to & bundle of counters, the effective diamcter of each counter being
appreciaﬁly greater tﬁan fhe hole diemecter bucouse of the penetration of the

fringing fiecld between the plates, Again, Hore cited the following figures:
(45) - S.C. Curran and J. M. Reid, R,S.I, 19,67 (1948)
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if the cathode platé was onc inch in diametcr, the hole 5/1/6 inch, and the
plate spacing O.1 inch, the same number of counts wns obt-ined as with a con-
ventionzl counter of'l~3/8" di~meter,

Dﬁéﬁgnd described . form of multi—concellui#r counter in which the cathode
structure was‘a stack of die cnst lend alloy disks, each disk having é round
hole at the center. As shown in_Fig. (23), fouf snode wires éﬁ}ead out in
the form-of = spider between eachlpair of plates, from = common supporting rod
extending through<the holes in the écnters of the disks. This typc of tube
wzs used to recieve the converging beam of gamma rays from a bent crystal
spectrometer designed to measure wavelengths up to 1 Mev, At 0.5 Mev the
counter detected 2bout 8 percent of the incident qudnta.

Another multi-section counter recently described by Beyster and
Wiedénbeck(é7%as based upon 2 simple unit cell, anyvnumbervof‘which eould be
stacked up to produce the desired increase in efficieﬁcy. Each cell resembled
a flat cylindricsl cheesebox, m;de of brass, 4 inches in dirmeter - nd 1/2 inch -
deep, The znode was « circuler loop of 10 mil wire two inches in diameter,

supported midw:y between the two faces of the box‘by gless insulfted "fecd

throughs", waxed into the cylindric-l wall of the box.

(46) J. V. M, Dunond, K. S. I. 18,626 (1947)

(47 -J. R. 3eyster »nd M. L. Wcidenbeck, R. S. I. 19,819 (1948)

-65—




. . Beta Ray Counters

The specivi¢ ionization of beta roys.is high enough so that any
particle troversing the inter-electrode spncec of a Geiger counter is
almost certain to trigger a discharge. The méjor problem in designing
a beta roy counter is therefore one of providing o suitable window for
the particles to penétrate from outside. Alternatively, a demountable
counter tube may be used, which canbe assembled with the sample inside
the envelbpe of the tube, :nd then filled with the counting gaé mixture,

The simplest typc of betn ray counter closecly resembles the or-
dinory gomms ray counter except‘th>£ the c~thod¢ wall rnd envelope ~re
thinned down to thé extreme.permitted by reocuircments of mechrnical

strength., Nost familirr of this type is the thin glass wall tube, about

30 milligrams per cm?, conted with a thin conduqtivé layer ofrsilver,
copper, or colloidal graphite (fig. 24C). Becausc of the fragility of
the thin blown glass portion, attempts have been mide to achieve equiva-
lent transpafency in metal wnll tubes. Two such tubegvhave been offered
commércially, one fabricated.of aluminum with = 0,0C5 inch wall, the
other‘of chrome iron with 0,002 inch wall. Thé.wall thickness of 30 mgs.
per cmé is generslly considered to be the minimum compatable,with require—
ments of mechcnical strength 'nd vacuum tightness, so thet iubos of the
thin wall type are unsuited for usc with the softer bets roy emiters,

The thin walled counter has been used extensively to measure the
artificelly induced activities in foils which could be wrzpped around

the counter cnd measured after activation. Larger tubes of the same




form are %éli‘éﬁiéed fé‘filief phper ﬁeasufeﬁeﬁts where aéainifhe éaper

‘4is wfapped around the beuﬁtér} ekpbéiﬁg & feiatiVel&-iafge éufface te. .
the cylinddibel beta ref wihddwi Figi tﬂhﬁi illusffhfgs.an adaptatioéha)
of the thin walled tube for tHe mesiFemett of b¢t5 26tivity in lictids.
The thin walled tﬂimbic shaﬁed erid ﬁay be aibpé& dif@cfiy into ths ‘
liquidi I still ariotHer abrangomotitj the thih walled pottion of the
tube is surrounded By a jaéﬁeq£With provision for adiiitting the active
iiquid into oﬁ¢ end of tﬁe Jacket, circuloting it sbout tﬁe thin walled
ﬁortibﬂ, aﬁd‘finaliy passing it out the opposite end.

The ﬁbé£:pobular type of beta ray counter ié the_ena wiﬁﬁow tube
intended for ﬁge with smell flot disks of rediorotive deposits: Mechamie-
éally, such & tﬁbé is identical wiﬁh the x-ray counters of fié; (15) but
the length of the'cyiinder {8 reduced to the minimum cohsistent with
meintaining o flat platcau &fig. Z%Aj; The dimensions src choser with }
the inbention of ﬁfovidihg tﬁe mexinum solid englec of cobllection end

~ the minimum reponse to gamms reys and/cdémic ray background. Eeducing
the length of the tube relative to its diameter creates end effects

~ which increase the slope of the plotesu ond decréase its length. DMost
tubes coﬁpromise at a ratio of length to diamcter between 3/2.and~2.

A more effective apprQach to the problem of incfeasing window

ared relative to cathodé arce 1s to construct @ shallow couﬂter bounded

by two plane paralled! cathode surfaces. Onc of these faces is the mica

(48) . F. Bale, F. L, Haven, i, L. LeFevre, R. S. I. 10,193 (1939)
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window conéu ctively conted én the inner surfrde. The anode wire is
mourited perallel to tﬁe plene of the window: An apprdaéh to such a
construction was implicit in tﬁe eafly type of beta counter shown in
fig. (25). The usu~l cathodc cylinder wos replaceé by & Ealf cylindct
with its concave side open toward a thin window. In the tube illusf
trated, the window was an aluminum foil mounted on a supporting grid.
The hélf qyiinder wes later succeeded by a multiplicity of helf cylin-
ders (fig. 262) and finelly by 2 flat platefhggraducing the sh:llow box
»fbré of counter (fig. ,26b,c), one lurge face of which was the thin
window, Oné or more cnode wires were strung perallel to the cathode
" planes depending on the width of the box, Large counters of this type
are widely used as air-proportion-l counters by 1rboratorics of the
A.E.C., with o thin nylon film coated with collodsl graphite scrving
both as the window and one of the cath;du platesg5o%n principle, such
an arrangemcnt is well suitced to beta roy counting when a vacuum tight
window is provided and the counter is filled wi£h & Gelger counting gas.
‘Another way of accomplishing thc sams result wns suggested by
Bgyster and ;iedenbeck(hzg conncetion with the high efficiency gemma
ray construction described above. Replreing one foce of the shr llow
qylindricwl box with : thin window (Fig. 27) produces a flat box counter
with the same counting geomctry as the ordin.ry end wimdowcoumntersbul o

with a minimum of wolume ~nd cnthode surface.

(49) R. Thompson and B. Liven, MITIC Keport 99

© (50) J. . Simpson, E. 5. I, 19,733 (1948)
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iﬁhér surfdce of fhé mich slightly ¢onductive;

One irch miéa wirdows of 1.5 mgs/ cm?’ thickness are supplied in
commercial tubes. SucH windows are adeq&ate for measurements of §35
(167 Kev) and clh (145 Kev), Buﬁ nqi-ﬁhin eﬁough for tritium, HB, whbéé
beta rays have ma ximum enérgy undef 15 Kev. EXtremeiy thin fiims of
‘materials such és niﬁfoéellulose, formvar, and eﬁaﬁorated silica, can
transmit electbons with énergies as low aé one or two thousand electron
volts. Thess films are suffi¢iéﬁ£ly Vad#ﬁm tight aﬂd stong enough
wheri mounted on a fitie subporting grid, tkat Semiupérmanent fiiiiﬂgs
can be méde, which retai satisfactory Couhiing characteristics for a
day or iohger,

In working with tritium, it is generally desirable to admit the
radicactivity directly into the counter as part of the counting'gas.(Sl)
The tritium can be converted to HTO water which may be introduced into
the counting mixture as water vapor at a pressure of one ér two milli—
meters Hg ﬁithout seriously damaging the cdunting characteristics.
Alternatively, tritium gas may be électrolyzed from tritium water and
used in the same manner as inactive hydrogen in a counter gas. Ir Clh
is carried in 002 it may be &sed as the counting gas(sz)in combination
with 082 vapor and the aid of an electronic quenching circuit, About
2 cms Hg of C3, is used with anywhere from 10 to 50 cms Hg of 002,
providing thresholds from about 2000 to 5000 wvolts, depending on the

tube dimensions,

(51) R. Cornog and /. F. Libby, Phys. Rev. 59, 1046 (1941)
(52) W. F. Libby, Anal. Chem. 19,2 (1947)

W. W, Miller, Science 105,123 (1947)
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(53) :

The screen wall counter shown in Fig. (28B) is illustrative
of a demountable type in which the source is placed inside the envelope
so as to eliminate the need for a window., Radioactive material to be
measured is coated on the inside of the metal sample cylinder. This
éylinder can be made of nickel so that it may be moved within ﬁhe
tube by means of an external magnet. The active volume éf the counter
is defined by the wire mesh cathode in the centér of the tube, When
the sample holder is in alignment with the screen cydinder as shown
in the figure the countef presents a large solid angle to the source
and accommodates a relatively large area’of sample. Background count
is determined with the sample cylinder drawn to one end of the tube,
oﬁt of the sensiiive region. .ny suitablé gas‘mixture may be used,
It is recommended that the tube be operated with "drag in" voltage be~
tween the screen and the sample cylinder or outer wall so as to sweep
out positive ions which drift outside the gauze. The disadvantage of
this type of counting is, of course; the need for disassembling the
tube every time a sample must be changed, a procedure which may cone
sume about 20 minutes between sample meésurements.

" An apparatﬁs which provides for cuick sample changes and elimi-
nates the inconvenience of disassembling and reassembling the counter
tube,” and eﬁacuating before refilling, is that shown in Fig. (284)
and known as'a‘"gas—flow" counter€5h%he sample is brought up close to
(53) W. F. Libby, D, D. Lee, Phys. Rev. 55,245 (1939)

(54) S. C. Brown, Phys. Fev. 59,954 (1941)
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the mesh cathode through a side tube. Methane, helium, or a mixture
of helium and é cuenching gas stored in a high oressure tank, is/ad;
mitted through the input sidearm. The incoming gas flushes the air
out of the tube through a bubbling bottle. By maintaining a continu-
ous flow of gas at atmospheric pressﬁre it is unneccessary to have
a perfectly vacuum tight system. The operéting voltages need not
exceed 2500-v61ts with methane and are muéh lower with helium mixtures.

The arrangement illustrated in Fig.(28a) is relatively crude compared
to some more recent versions of gas flow counters wﬁich ﬁermit the use
of larger samples and more efficient geometridal arrangements.

Size Limitations
There are many problems, particularly in medical physics and in

nuclear physics, which call for the use of small size probes for gamma
and beta ray detection. For example, in medical tracer work it may
be desirable to determine the location of a radioisotOpe within the tissue
of an animal or human "in vivo". The limitation; on the extent to
which the demensions of a Geiger counter may be scaled down have thus
far been entirely mechanical., L. F, Curtis described(55%hat is perhap
the smallest counter yet built. The glass énvelope was coated with
aquadag oﬁ the inner wall to form a cathode cylindegzgnly 0.8 mm I. D,
and a length of 3 mm, <‘he anode was a tungsten wire 0.005 mm in dia~—
meter. Curtis compared the size of the tube to a number 2 sewing

needle as shown .in Fig. (29), The tube was filled with the usual

(55) L. F. Curtis, Jour. of Res. NBS, 30,157 (1943)
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amyl-acetate and argon mixture at 4 cms. Hg total preésure, and gave
a background count of 20 per hour. Pulse size in such small tubes
is comparaelé to or greater than is obtained in lérger tubes, Bef
cause of the small vblume of the tube it is natural to expect the
life to be shorter than in larger tubés vihere the number of molecules
dissociated per pulse constitute a smaller percentage of the total
number orig{nally present, |

- At the other extreme unusually large munters offer not_con-
structional difficulties but they are inherently.slow, have relatively
high background rates, and a greater percentage of delayed and spuri-
ous counts. To avoid excessively high operating wvoltages, the anode
diameter is\ordinarily kept small while the cathode diameter is-increased.
The field throughout most of the counter volume is therefore relative~
ly weak. as a result the electron collection time is longer and the
positive ion sheath must cover most of the enlarged distance from . ire -
to cylinder in & weak field with a conssquent increase in the dead-
time, In the enlarged, weak field part of the countef vblume there is
also a gieater probability for negative ion formetion, and delayed couﬁts.
Finally, the increased capacity slows up the recovery of the wire.

potential and broadens the pulse.

32




Reduction of Dead Time
Stever's experiments demonstrated the existance of a natural dead-

-3 4

time of 10~ to 10 * second. The dead~time explained the choking of

Geiger counters at rates of a few thousand counts per second, when used

(56) '
found that the integrated

with low sensitivity amplifiers. Trost
current floWing thrn.a counter tube increased well beyond the ”choking

rate" as shown in fig, (30). The conclusion to be drawn from Trost's
experiment was that pulses aﬁpeared within the dead-time, which were

reduced in amplitude below the detection level of the amplifier. They

were then not c unted but contributed a recuced charge per pulse to

the flow of current thru the tube. Huehlhouse~and.'Friedman(57asing a
sensitive wideband amplifier, measured counting rates as high as 100,000

per second in a Gelger tube whose resolving time at low rates appeared to be
10,000 per sccond. The Cead-time decreased with coundting rate above

10,000 per second in such a mermer that a constant 4O percent of the counts

were lost at any rate up.to 100,000 counts pcr second.
(56) . Trost, ..eits. f. Fhysik 117,257 (1941)

(57) C. O. Fuehlhause and H. Friedman, k. S. I. 17, 506 (1946)
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(58)
Baldinger and Huber recently studied the behavior

of counters at rates higher than the "Stever dead-time". At
very high rates almost all pulses fell into the “recovery
period!" and the average pulse height became a small fraction

of norml. These smaller pulses were followed by shorter dead-
times. The dependence of dead-time on pulse height was linear

down to pulsés avout one {ifth normal amplitude, which was the
range covered by the experiment. Increasing the amplifier sen-
sitivity is therefore effective in raising the meximum counting
rate but does not materially improve.the resolution at low rates,

Attempts have been mode to reduce the dead-time

by reversing the collecting field immediately after information
of the positive ion sheath so as to return the positive ioﬁs

to the wire. The recovery time instezd of becing governed by

the time rquired for the positive ions to cross the diameter

of the counter, would then be reduced to the time reqﬁired

to cover the very small distance from the initial radius of

the sheath to the wire. Simpson's (59)origina1 circuit for

this purpose applied a high and adjustable negative pulse of

a few microseconds duration to the wire. The pulse was

derived from a fast 6ne shot multivibrator, triggered by the

amplified initial pulse of the Geiger discharge. Simpson

(58) E. sldinger and P, Huber, Helv. Phys. -cta 20,238 (1947)

(59) J. 4. Simpson, Phys, Rev. 66, 39 (1944)
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extimated that the improvement in speed of ionbcollection obtained
this way éould redﬁéejthe dead-time by almost a factor éf teni
Other reversing circuits have since been described by
(60) (61) |
Hodson and by Smith  but. they attributed most of the
dead-time reductioﬁs which they obtained to limitation of the
discharge spread fatﬁerﬁthah to posifive ion cpllectibn.
Before the discharge Cduid proﬁagaﬁe the full length of the
tube, the wire potential dropped below threshold, bringing
the discharge to a stop andkleaving the ramaining length of
the counter still sensitive, &ince the rate of spread of
the discharge is about 10 centimeters per microsecond, this
effect is most readily observed in a long counter. Jixtremely
fast circuitry would be required to limit the discharge
spread appreciably in a short counter. Smi%h estimated that
ion dollection alone reducéd the dead-time by only a factor
of two and cautioned against the possibility of interpreting
spurious pulses whicharise from secondary emmission at the
wire during the positivevion collection period, as'evidence
of dead-time reduction.
in effective way to reduce the dead-time is to limit
the discharge spread aiong the wire by the use of glass beads,
If, for example; the counter ire were divided into two eoual
lengths by a bead at the center, it would behave as two

separate counters connected in parrallel. The eiffective dead-

(60) A. L. Hodson, Jour. Sci. Inst. 25, 11 (1948)

(61) P. 3. Smith, R. S. I. 19, 453 (1948)
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time of the comoination would then be half the dead-time of
either séction alone. ‘Because the positive ion sheath ié
only half as long; hormal pulse amplitude must of course be
only half that of the same counter minus the bead on the wire.
Substituting a bundle of small counters for the
ecuivalent volume of a single large counter, will incréése
the resolution by more fhan sim?ly tﬁe number of counters in
the bundle, since each counter of the bundle will itself have
a shorter dead-time than the single large counter, Multi-
element structufes of the types illustrated in Figs. (19-23}
show similar gains in resolving power. The parallel plate
and vwire structure is particulafly effective because thevsmall
spacing of individual plates in itself produces a short dead-
time per element. In open structures such as the tube of
Fig. (22), only a few percent of the discharges can spread
from one wire td another bscause of thestrdng absorption of
ultraviolet light in fillings of rare gases in combination
with polyétomic cuenching admixtures. Thereffecﬁ on
resolution is almost equivalent therefore to operation of
igdependent counters inparallel. If such a tube is filled -
with siuaple gases or the rare gases wiﬁh halogen admixtures,
the discharges spread.throughdﬁt the entire structure and
the effect of limiting each discharge to a single wire is

lost,.




Background Reduction
. When measuring weak activities, the ultimate

sensitivity of the counting method is controlled by the
background count ageinst which the sample activity must
be distinguished. This background cohsists of cosmic
radiation, gamma rays from natural radioactivity in the
surroundings; and, in many iaboratories, stray radiation
- from nearby accelerators. A rough figure for}the cosmic
radiation is about 1.5 cosmic rays pér minutg per square
centimeter of horizontal surface at sea level. The 1arger
the background, the more difficult it bescomes to detect a:
small increase in counting rate . For example, if the back-
ground is equal to the counting rste beiﬁg measured, then six
ti»es as many counts are needed to achieve avgiven statistical
accurécy compared to the number recuired in.the absence of
background. If the ratio of sample count to bhackground is
as low as one tenth, then 121 times as many counts are re-
quired as in the absence of background. The advantage to be
gained by any technigque which redgces badkground is 6bvious.

In discussing the construction of Geiger countérs for
beta ray measurements, consideration ﬁas given to designs in
which the ratio of sensitive volume to window arca was
minimized, theresy isproving the ratig of beta count to back-
ground. It is customary to surround a counter and the sample
to bé measured Uy & lead shield which effectively eliminates the
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gamma ray background, but does not stop the penetrating cosmic
ray particles. However, because the efficiency of cosmic»
ray particle detection with Geiger counters'is close to 100
percent, it is a simple matter to screen out theﬁcounts due to
penetrating césmic ray particles by anti-coincidence circuitry,
| Fig. (31) illustrates an arrangement of high geometry
for beta ray detection combined with an anti-coincidence shield.
Two end window beta ray counters are mounted face to facek
Wiﬁh»a sufficient gap bétween them to accomodate a flat =
sample, 1The sample material may be supported on a thin
aluminum.foil or plastic film which is capable of transmitting
almost all the beta rays emitted by the radioactive atoms in
the sample. .ith a small source, this arrangement collects
nearly cvery particle emmitted over the entire solid angle or
presenté what is ordinarily referred ﬁo.as a A’T?éeometry. The
circuitry is so arranged that single random firings of the
two counters are transmitted to the scaling circuit, but
qoincident pulsés, excited by the passage of the same cosmic'
ray particle through both tubes arec rejécted, The cosmic ray
shield is completed by slipping the anti-coincidence guard
counter down around the two beta counters. TQe4guard counter
- as illustrated is equivalent‘to & cylindrical ring of counters
connected in parallel. Any coindidence betwecﬁ this shield
counter and either of the two beta counters is rejected by

the electronic circuit. The net result achievéd by this
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arrangement for rejecting coincidence cduﬁts is to reduce
the badkghound, after shielding in lead, by still another
factor of fivc, without loss of bsta ray counts. Fig. (31)
illustrates a system employing two conventional end window
counters. It is immediately apparent that shallow counteyg
of the type shown in Fig. (26,27) are still better suited to
anti-coinc¢idence counting. If thé depth of each Geiger counter
is much less than it s window cdiameter, then it is possible to
dipense with the outer cylindrical shicld and rely entirely
on rejection of coincidence between the two beta ray counters.
Gamma ray counters of the multiple element trpes
illustrated in figs. (19-23) arc well suited to the application
of anti~coincidence counting. ‘Hirg. (32) is a photograph
shéwing the variety of pulse amplitudes observced on én
oscilloscope with the counter of fig. (22)/eXposed to gamma
© rays. JSince the anodes and cathodes are connected in parallel,
coincidence bulses on more than one wire appear with double,
triple;, quadruple, etc. amplitudes depending on whether two -
three, four, etc. wircs are fired by'the'passage 6f a single
particle; The great majofity éf the pulses are single counts
typicél of gamma‘r&ys, Occasionally the Compton clectron
ejected by a gaﬁma ray traverses the ficlds of two wores and a
few pcreent 6f the cischerges spread from one wire to anothef
| lecding to double zmplitude counts. Triple amplitude pulses
from gamna tays are very infreccuent. On the other hand, all’

wires whose sensitive recglons are cut by the trajectory of a
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cosmic ray perticle, fire in coincidence. The largest pulses
are therefore produced by a cosmic ray particle penetrating the
tube along a plane through its exis, If the cosmic ray .
penetrates fewer elementé of the tube,pulses of lesser
amplitude fesult. By selecting the proper pulse amplitude
discrimination level, it is possible to reject pulses above
a given level so as to eliminate almost all backgroﬁnd from
penetrating cosmic rays.
Dircctional Counters

The production of a preferred directicnal éensitivity
in a gamma ray counter without the benefit of external shielding
by me ans of lead or other high density absorbers, is rather
difficult to achieve in any high degree; 3ince the efficiency
of counting cepends on the material of the cathode wall, its
thickness, and distribution in the path of thevbeam? it is
possible to construct a tube so as to present a higher counting
efficiency to a source in one directibn than in-others., Also,
since gamma rays arc detected mainly by virtue of the ejected
Compton elébtrons which have a predominantly forward distribution,
a tabe thaf is responsive to electrons moﬁing in a particular
direction, shouid therefore be directional in response té the
primary gampa rays,

(62) |

ka jewsky described a bimetallic cathode for a gamma

ray counter concisting of two hemicyclinders of lead and

~aluminum, Because of the different efficiencies of the two

(62) B. Rajewsky, ieits. f, Physik 120, 627 (1943)
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metals, the counting rate for ra&s entering lead and leaving
~aluminum was greater than for rays travellihg in the reverse
direction, Craggs and his coworkers (63lecently<qetermined.

the contrast in sensitivity obtainable by such tubes with the
’aid of a parallel plate and wire form of counter. Diametrically
opposed windows were out in the glass envelope of the tube at
positions orthogonal to thc planes of the plates . These windows_
were covered with aluminum foil .002" thiék. The reéponse of
this countcr to a collimated beam of gamme rays was 32 percent
lower when the beam passed through the windows than when it was
directed perpendicularly to the surfaces of the plates. This
exﬁerimcnt indicated the extreme of contrast obtainéble in a
bimetallic form of directional counter,

The experiments of Stever have showed that it was
possible to localize the discharge in a Geiger counter by
placing glass beads on the anode wire. [If the beads were
opaque to ultraviolet light the spreading.of the diScharge‘by
photoelectric effect in the gas was blocked at the bead. Stever
suggested the use of the beaded wire counter as a directional
detéctor of energetic particles. TFor eXanple, if the'wirewwere
partitioned into three sections by glass beads, a pafticle
- traversing the tube in a direction normal to the axis, would
fire only one scction, whereas a particle,traversiné'the counter
parallel to the axis would fire all three sections. Since the
pulsc amplitude developed by the counter is proportional to the
length of the discharge along the wire, a circuit which

(63) J. D. Craggs, P. W. Bosley, A. A. Jaffe, Jor. Sce. Inst. 25,67

(1948)
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discriminates égainst smailef pulses arising from the firing
of one or two sections rather than éll three will register
only those counts arising from the triggering.of all three
sections by a primary particle travelling essentially parallel
to the axis of the counter.
Since high energy gamma rays produce a distribution of
recoil electrogs with a maxdimum in the forward direc-ion, é
Stever type of beaded wire counter should have directional
properties for gamsa ray detection. However, because of the
angular distribution of recoil électroﬁs, the directionality
of response is not very pronounced.and the counting rate is
corresponding low; |
" The most satiéfactory arrengements for obtaining
directional sensitivity with gamma counters are those which
simply employ shiél&ing with lead or otﬁer high density
absorbers, Uhcn’the gamma rays are emmjttod from a point source,
it is advantageous to use two counters separated by - lead
barrier and coupled to a differential apunting‘rate meter,
Photon Countérs
The photon counter combines the mwinciple of the
photocell with the amplification mechanism of the G-M counter,
Rajewsky (64) and Locher (65) deécribed the behavior of such‘

tubes in 1931. Much of the work since then has been confined

(64) B. Rajewsky, Thys. neits. 32, 121 (1931)

(65) G. L. Locher, Phys. Rev. 43, 211 {(1933)
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to ultraviolet counters opuratlng in the reglon below 30004,
although Lochcr achlcved considerable success in the preparation
of blue sensitive (threshold LOOO A. U.) tubes, So little ‘
effort appears to have been expended on the prdductioh'of
photon counters with long wavelength scnsitivities thet it is ﬂ
difficult to cvaluate their possibilities. Of all detectors,
‘the photon countcr has inherently the maximum sensitivity
- for measuring the photo-current, i.e. it counts cvery photo-
electron, To date, however, it has not been possible to
duplicate in gas filled tubes the quentum yiclds obtained with
vhoto suffaces in vacuum in the spectral range froom 3000 A to
5000 A. Surfaces thaf arc highly pﬁotosensiﬁive in vacuo when
exposed to visible ligh£ are invariable poisoned and desensitized
by contact with the ges iﬂ a counter, At shorter wavelengths in
the ultraviolct, however, cuantum efficiencies betwecen 107 —h and )
10--3 counts/quantum are commonly obtained(éfg photon counters,
These yields are comparable to those observed for most photo-
surfaces in vacuum in that region of the spectrum,
- Locher described many surface éoatings aﬁd treatments
which produced enhanced cuantum yiélds in photon counters
operating in the blue and ultraviolet portions of the spectrum.
Since Locher's pxperlmcnts very little ?2;)been published on

photon counters. More recently, Schorb described unusual

spectral sensitivities obtained by glow discharging

(66) 0, ¢&. Luffendack and W, E. Horriss, J.0.S.4. 32, 8(1942)

(67) M. V. Scherb, Phys. Rev, 73, 86(1948)
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anv,argon butane fi‘lled copper cathode counter at 1licuid air
temperature. Fig. (33) illustrates the results of this
treatment which produced a peak at about 3000A with a quahtum
yield about 15 times as great ss that of the untreated copper
surface between ZOCO and 25000A. It seems reasonable to expect
ﬁany similaer improvements to develop out of>rcsearch on photon
counters if an effort were made to continue such investigations,
There are interesting possibilities for the application of

such tubes to spectroscopic instruments and in connection with

scintillation counting.

*‘.‘z.-g'f,?:.




Conclusion
The writer has limited the contents of this paper to a
discussion of Geiger counter tubes for the detection of cosmic rays,
xrréyg gamma rays, beta particles, end ultraviolet 1igﬁt. Neutrons,
protons, and alpha particles are ordinarily detected by means of ﬁro—
portional oounfers and pulse ilonization chambers which do not fall

within the scopec of this paper.

Footnote: The references cited here represent only a small portion
of the published literature on Geiger counter tubes.




Fig. 1.

Fig., 2.

Fig. 3.

Flg. i

Fig. 5.

Fig. 6.

Fundamentael Geiger tube circuit.
Approach to uniform pulse amplitudes neecr Geiger

-counting threshold. Counter tube dimensions; (10,

1,0, 0.0125) cms. Argon-ammonia filling.

Gaé amplification versus voltage in>coaxia1 ¢ylinder
gype of ionigzation tube.
Variation of threshold voltage with composition and
pressure of Seif guenching gas mixtute: After Trost
(Ref. 2).
Dependénce of pulse amplitude on counter tube dimensions
‘and- overvoltage. Tube dimensions are indicated as
cathode radius (mm), wire radius (thoussndths of a cm).
After Trost (Ref. 2)
Effect of series resistenee on pulse shape. The
counter tube had the dimensions (10, 1;0, 0.0125) cm.
and é capacity of & few micro-microfarods. The séries
resistance R was varied to.alter the RC constant of
the fundamentsl circuit, fig. {1). Strips A to H were
teken with an arg0n~CH2Br2 mixture in the counter.
The time markers on eoch truce are identified elongside
each strip. Tfsces B, D, and F were photogrephed with
a fecurrent sweep. All the others are triggered sweep
patterns. Strips I end J illustrate the effect of
overvoltage on the rise time of the pulse in a neon-
argon-chlorine mixture with & threshold of 550 volts.

Troce I wos teken at on overvoltnge of 50 volts, troce J

“at 300 volts. All photogrephs were mede with & Dumont

Tyve 248 vrtilloscone,




Fig. 7.

Fig. 80

Fig. 9.

{A) Deadtime pattern photographgd on triggered sweep.'

(B) Schematicvrepresentation of deedtime pattern in-
dicating desdtime td, ot foot of envelope of pulses
triggered during recovery iﬁterval from tg to tn.

{C) Variztion of electric field st the anode surfece
during period of ion sheznth trensport from anode to
cothode.

Platezu curves for mixtures of neon-hydrogen end srgon—

hydrogen obtained with s Néher;Harper electronic quenching

ciréu%t.- | |

Effects of impurityvgases\on the breckdown cherccteristics

of the Tere geses. (After Penning, ref. 23). Fig. %A

shows the effect of different concentrs tions of iodine

and merﬁury in argon ©nd neon on the braskdown volt:ge

of thao discharge between porollel plotes ebout 1 cm.

apart. The ergon pressure was 15 mm, neon pressure 21 mm,

and the cdmixture concentrotion wes controlled by its

vapor pressure c¢i différont temper: tures, Fig. 9B

is ¢ semi-logarithmic plot of the Ne-Hg dota in per-

centuge of admizture versus decresse in Vg. A similar

curve is shown for neon with smell percehtoges of trgon
admixture. The dete of Fig., 9C were obts ined by sterting
with 0.06 percent crgon in 10.1 mm of neon, which guve

a Vg of 159 volts, snd then diluting the mixture with
neon up 10 2 meximum pregsure of 112 mm, which reised

Vg to only 185 volts.




Fig. 10.

Appecronce of multiple pulses with insufficient ad-
mixture'df guenching vapor. All trsces were photo— -~
graphed at an overvoltsge of 100 volts In1t1"1
filling woes crgon, 20 cms Hg, plus CHQBrn, 0,§ mm'
Hg., which showed singlc pulses, trace A, Successive
dilutions ef the CHoBrp were mzde Ey pumping the mix-—

turc to 10 cms Hg. ond restoring 10 ems. of pure argon.

" Traces B to F illustr:te the spnecroince of incrersing

Fig. 11.

Fig. 12,

nimbers of spurlous counts hlth remov*l of the quenching
agent.,

Development of spurious pulses ot high ovérvoltagés.

The filling wes 20 cms Hg. of crgon plus 10 mm Hg.

of CHoBrp.  Threshold wes 1500 volts. At overvoltecges
in excess of 300 volts, miltiple pulses appecr with
uniform épacings cherccteristic of sccondrry emission
due to positive ion bombordment ofbcethode. Higher
overvoltsges incrense the averszge length of the

treins of pulses end their frequency of occurencs.

Merker pulses cre 2500 microseconds apart.

Effect of gss mixture on spocings between multiple
pulses. Traces A,vB, ond C were mode with 75, 35,

and 15 cms Hg of argon respectively_chd a constant azd-
mixture of lO.mm Hg of CHyBrp., As the pressure of.the
grgon wes reduced the moblllty of the positive ions in-
crecsed and the intervels between pulses become shorter.

Trece D illustrates the greater mobility in helium as




comprred to argon. All msrkers are spaced 2500 micro-
‘seconds opart but the right hend portion of Trree D is
expended. Traces E ond F show the opposite trend
toword decreasing mobility in & heavier gas such as Xe.

Fig. 13. Veoriction of counting rote with radiel distonce from

| | anode. The counter tube wos seanned with a fine pencil
of x-ruys troveling porallel to the snode. (After
Friedmsn and Bifks, Ref‘. 39).

Fig. 1l4. Absorption‘of soft x~rays in ten centimeters of the

‘ rare gasus ot varioué bressures. A-krypton, 76 cm

hg; B~krypton, 40 cm Hg; C~krypton, 20 cm Hg; D-xenon
20 cm Hg; E-ergon, 76 cm Hg; F—argon; 40 cm Hg;
G-zrgon, 20 em Hg; A'-continuation of A; Bt-con-
tinuntion of B. ({From Ref. 59).

Fig. 15. End window construgtions for soft x-rey counters.

Fig. 16. Ratio of secondsry electrons to primery grmme rays
(2 Mev) cmerging from 2luminum sbgorbers of different
thicknesses. |

Fig., 17. Efficiencies of grmme rey counters with brass or lend
cathodes in the spectrzl ronge from 0.1 to 2.6 Mev.
Curves la, 1lb, snd lc zre the theoretical‘c0ntributions
from photoelectric effect, Compton scettering and_pﬁir
production in bréss. Curve»Z'fbr brass rnd thet for lead
are experimentel. (After H. Brodt, et al, ref. 41).

Fig. 18. Ratio of ionization chamber current to output of = Geiger

counter (A) unfiltered, (B) filtered, cnd & porportionsl




Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
.Fig.
Fig.
Fig.

Fig.

Fig.

19.
20.

21.

R2.

23.

24.

2.

26,

27.

28,

29.

30.

31.

counter (C) made of plexigless. (After Trost,

‘ref. 42).

Multiple counter tubes in pcrzllel combinations.
Mﬁltiple plate ond wire construction of gemmo roy
counter.

Perforaﬁéd disk type of comstruction for high sen—
sitivity gamme roy counter.

Photograph of multiple disk counter.

Mulfi—cell gamme ray counter. (Aftéf DulMond Ref;46)
(A) Eng WindOW.bEtﬁ roy counter. k

(B) Thin walled dipp ihg countor

(C) Thin walled bete counter.

Beta rey counter with hemi-cylindriesl cethode.

Development of flat box form of bete counter from
hemi-cylindriccl esthode structure.

Low buckground béta rey qounter with loop form of
anéde.

(4) "Gos flow" bete ray counter for internal semples.
(B) Demountcble beta ray counter for internel samples.
Minirture Geigsr Counter. (After Curtiss, ref. 55).
Counting losses due to derdtime. The amplifiér re-
sponded to pulses as-small 28 half normel amplifude.
(After Trost, Ref. 56). | |

Schemetic errangement for beckground reduction.




Fig: 32. Variefy of pulse amplitudes obtsined from tube of
fig, 22.
FigL 33. Ultraviolet sensitivity of activeted photon counter

tube. (After Scherb, ref. 67):
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